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ABSTRACT OF DISSERTATION

SYNTHESIS, FUNCTIONALIZATION, AND APPLICATION
OF NANOFILTRATION AND COMPOSITE MEMBRANES FOR SELECTIVE
SEPARATIONS
Future nanofiltration (NF) membranes used for selective separations of ions and small
organic molecules must maintain performance in environments where high concentrations
of total dissolved solvents or foulants are present. These challenges can be addressed
through the development of composite membranes, as well as the engineering of enhanced
surface properties and operating conditions for existing commercial membranes.
In this work, ion transport through commercial thin film composite (TFC) polyamide NF
membranes were studied in both lab-prepared salt solutions and industrial wastewater. The
dependence of several variables on ion rejection was investigated, including ion radius, ion
charge, ionic strength, and temperature. The impact of scaling and increasing ionic
concentration on membrane performance during recovery of industrial wastewater was
investigated. Fouling of the membrane surface was reduced by enhancing commercial NF
membrane surfaces via aqueous-phase esterification of lignin sulfonate.
NF membranes were also created utilizing an ionic liquid solvent (1-ethyl-3methylimidazolium acetate) to integrate composite materials into cellulose. Composite
materials such as graphene oxide quantum dots, iron III particles, and lignin have been
shown to be interact strongly with cellulose in solution with ionic liquid and bind together
cellulose chains via hydrogen bonds following nonsolvent induced phase inversion.
Studies suggest the composite materials modify membrane surface chemistry and improve
selectivity of small organic molecules (~300 nm) while allowing for the complete passage
of ions.
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CHAPTER 1. INTRODUCTION AND BACKGROUND
1.1

Introductory Remarks
Water has often been thought of as an inexhaustible resource in many regions

throughout the United States. However only 0.8% of the Earth’s water is available in fresh
water reserves1. Recent droughts in Texas and Southern California along with
contaminated water situation in Flint, Michigan and Toledo, Ohio have shown that usable
water is a major concern even in areas where water resources were thought to be secure2,
3

. Water security continues to be an issue in the developing world, and research has shown

that water scarcity has been a source of conflict and water stewardship is of great
importance in international relations4. Therefore, conversion of unusable water sources,
including industrial, brackish, and salt water must be prioritizing to reduce the burden on
regional and global water resources.
Since development in the 1960s, membranes have emerged as a promising
technology for desalination and water recovery. Reverse osmosis membranes have been
developed and refined to effectively desalinate brackish and seawater into potable water.
While desalination of brackish and salt water is now a mature and commercialized
technology, there are still opportunities for industrial wastewater treatment and reuse.
Many industrial wastewater treatment applications only require separation of some of the
solutes in solution, including ions contributing to water hardness, heavy metals, and
organic solutes. Complete desalination of the water may not be required and may be
energetically unfavorable. Nanofiltration (NF) membranes have been used for selectively
removing hardness from industrial wastewater and removing pesticides molecules for
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wastewater treatment5. In this work we look to better understand at ion transport during
nanofiltration of mixed salt solutions and apply NF membranes for industrial wastewater
recovery.
The selectivity of nanofiltration membranes can also be utilized for rejection of
small organic molecules6. Commercial NF membranes have been implemented for
diafiltration monovalent ions and concentration of small organic molecules in aqueous
solutions7. Further potential for development lies in membranes that can selectively reject
small organic molecules such as active pharmaceutical ingredients while allowing passage
of monovalent and multivalent ions. Organic solvent compatibility is also a desired
membrane property for further application in the pharmaceutical processes. This work
seeks to address these challenges for small molecule separations through the development
of cellulose composite membranes.
In this chapter the history of nanofiltration membrane development will be covered.
Applications and synthesis of nanofiltration membranes will be discussed along with the
current literature understanding of ion transport during desalination. Our specific
contributions to the field of nanofiltration must be understood within the full picture of
nanofiltration research. Further background on cellulose materials and methods will be
addressed along with composite materials used in membrane synthesis.

1.2
1.2.1

General Background
Nanofiltration Membranes
Nanofiltration membranes were initially developed out of the interfacial

polymerization chemistry that had been used to great commercial success in reverse
osmosis. Requests for more selective membrane properties prompted manufacturers such
2

as FilmTec to modify the monomers used in interfacial polymerization to create a more
open structure8. The first papers to use the phrase nanofiltration in the late 1980s describe
membranes that, unlike RO, selectively reject based on charge and solute radius9. An
additional benefit of this the new nanofiltration chemistry was higher water permeability,
which made the technology attractive for lower pressure applications. Thin film composite
nanofiltration membranes using this chemistry currently dominate the commercial market
for nanofiltration. Recent research has focused on integrating composite materials such as
graphene oxide or zwitterionic brushes into the thin film composite membrane membranes
to improve membrane properties such as fouling resistance10. Commercial NF membranes
also show a tendency to swell when exposed to organic solvents, thus work is being done
on creating membranes out of polymers or materials such as graphene oxide that will be
stable during organic solvent filtration11-13. Nonsolvent induced phase inversion, a
technology for membrane synthesis dating from the 1960s, has found new applications for
casting solvent resistant nanofiltration membranes, as the technique allows for many
different polymers to be prepared into membranes14. Beyond these technologies Figure 1.1
details future development of nanofiltration membranes beyond what has previously been
discussed.

3

Figure 1.1. Key areas of NF membranes development and breakthrough technology.

1.2.2

Nanofiltration Applications
Nanofiltration membranes have seen wide application for treatment of several

different types of wastewater. The selectivity of NF membranes to remove divalent ions
such as Ca2+ while allowing partial or full passage of Na+ lead to interest in water softening
applications15. Request for these applications are a significant motivation for the
development of NF membranes from RO. Molecular weight cut-off for most commercial
NF membranes lies between 150-400 Da, allowing them to be utilized for removal of dyes
from textile effluent16. The high permeability of monovalent ions through NF membranes
4

allow for removal of organics from high TDS produce water without incurring a osmotic
penalty17. Nanofiltration (NF) membranes have been proven effective at rejecting (>90%)
pharmaceuticals such as sulfamethoxazole, carbamazepine, and ibuprofen from DI water
solutions18. Lactose and hardness removal by NF allows for reuse of dairy wastewater19.
In addition to wastewater treatment, NF membranes have also been used for
concentration and purification applications. Selectivity for multivalent ions is
advantageous for employing NF membranes for rare earth elements from coal fly ash for
downstream extraction19.
1.2.3

Ion Transport in Nanofiltration Membranes
In the membrane community there is still no agreement on the exact structure of

pores in the polyamide selective layer of nanofiltration membranes. Determination of
membrane structure is complicated by the size scale of selectivity. Traditionally the
solution diffusion model has been applied to describe solute transport through RO
membranes20. The structure of RO membranes is dense enough for the solution diffusion
model to be valid. The small scale of selectivity complicates the understanding of the
selective surface of the nanofiltration membrane. Other studies have applied the pore flow
model with the assumption that solute transport through NF membranes can be understood
as diffusion into and through a cylindrical pore of a given radius 21. In the pore flow model,
the classical Nernst-Planck equation has been modified to describe the effects of diffusion,
electrical, and convection dependent transport through NF membranes22. The application
of the modified Nernst-Planck equation will be further discussed in Chapter 2, as it pertains
to ion selectivity in mixed salt solutions. Largely the emphasis on research in nanofiltration
modeling has been in the areas of understanding partitioning into the membrane pores and
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accurate determination of membrane parameters23, 24. Our work expands on the current
model research by predicting rejection in mixed salt solutions.
1.2.4

Interfacial Polymerization
The development of ultra-thin polyamide membranes through interfacial

polymerization was a groundbreaking achievement that set the foundation for modern
commercial desalination membranes25. Diffusion of amine into an organic solution with
acyl chloride or other highly reactive monomer results in formation of a dense polymeric
membrane. The resulting membrane is referred to as a thin film composite membrane. As
the membrane layer grows, it will eventually limit diffusion of amine, thus limiting the
active layer to a thickness between 50-200 nm. Common monomers used in interfacial
polymerization are given in Table 1.1. Among the most common monomers used for
nanofiltration membranes are piperazine and trimesoyl chloride (TMC). While TMC is also
used in reverse osmosis membrane, piperazine is less bulk than m-phenyldiamine used in
reverse osmosis membranes and is critical for giving NF membranes selective separations
properties. Because the interfacial polymerization layer is very thin, interfacial
polymerization is done on an ultrafiltration membrane, so that the membrane is formed
without defect and has structural reinforcement during pressure-based filtration. A
schematic for interfacial polymerization in the nanofiltration membranes tested in this
study is shown in Figure 1.2.
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Table 1.1 Monomers commonly used in interfacial polymerization. Copied with
permission from Lau et al. 25

7

Figure 1.2. Interfacial polymerization in thin film composite polyamide membranes.
It is important to note that in addition to hindered diffusion through the tightly
crosslinked network, charge interaction in unreacted amine and carboxylic groups also
dictate transport of solutes through nanofiltration membranes. Additives like mixed
amines can be incorporated during interfacial polymerization to modify membrane
surface charge and selectivity. Work is currently being done on creating alternating
charge in NF membranes by performing layer by layer interfacial polymerization to
create alternating positive and negative areas of surface charge26. Other work is looking
to increase selectivity and permeability of thin film composite membranes by integrating
water selective transport proteins into the structure27
1.2.5

Cellulose Based Membranes
Archaeological evidence suggests cotton cellulose was first used for textile making

in the 6th millennium BC in modern day India and Pakistan28. Eventually use of cotton for
textiles spread globally, and cotton was a major textile material. Industrialization of textile
8

manufacturing in Britain combined with exploitation of colonial holdings led to wide scale
textile manufacturing from cotton29. While one can argue that clothing itself is indeed a
membrane, cellulose based textiles have been proven as an effective filtration material. Sari
cloth has been shown effective at remove 99% of V. cholerae, cholera causing bacteria that
attach to algae clusters allowing for effective filtration30. Cellulose based polymers would
find themselves among the first materials used in membrane manufacture as cellulose
acetate31. Unfortunately, cellulose itself is not soluble in commercial solvents, so
regenerated cellulose materials were developed by use of NaOH or NMMO to modify
cellulose fibers for dispersion, then restoration of cellulose structure by rinsing or drying
after the material was formed32. Recent developments and molecular dynamic studies have
identified ionic liquids such as 1-ethyl-3-methylimidazolium acetate as being among the
most promising solvents for cellulose, even with water present33. Ionic liquids have been
used for dissolution and preparation of nanofiltration membranes34.
1.2.6

Graphene Oxide Quantum Dots
After the Nobel prize winning discovery of 2D carbon materials, known as

graphene, by Novoselov et al. there has been immense interest in the utilization of 2D
carbon materials35. Graphene quantum dots are an oxidized derivative of graphene, small
enough in size (1-10 nm) to exhibit quantum confinement. They are either prepared through
a top-down oxidation of a larger carbon source or bottom up construction from smaller
building blocks like citric acid. Table 1.2 gives an overview of GQD synthesis methods.
Out of these methods chemical oxidation is among the most scalable, as carbon materials
for oxidation are widely available.
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Table 1.2 Primary methods of GQD synthesis with quantum yield. Copied from Zhou
et al. with permission. 36

Initial studies have sought to utilize fluorescent properties of GQDs for medical
imaging or photoionic sensing applications37-39. Further studies haves shown GQDs exhibit
antibacterial behavior generating of oxidative species and puncturing bacteria cell walls
with the sharp edges in the 2D material

40, 41

. Recent studies have sought to incorporate

GQDs within the membrane or on the membrane surface to leverage the antibacterial and
antifouling properties to enhance membrane performance42.
GQD are readily water soluble, and as a result, GQDs may be present in significant
concentrations in the environment as a result of their application in materials development.
Toxicity of GQDs must be considered when studying GQD use in material development.
Hydrophobic interactions of graphene materials result in disruption of the lipid bilayer of
cellular membranes. Red blood cells were observed to form abnormal structures when
exposed to nitrogen doped GQDs. There was no observed reduction of ATP content or
hemolysis in the red blood cells exposed to GQDs which suggests that the small size of
GQD prevents hydrophobic interactions from extracting the lipid from the cell membrane
as seen in larger graphene materials43. There is further evidence that toxicity of GQD
10

increases with particle size as larger particles have greater hydrophobic interactions44.
Cellular uptake of GQDs due to endocytosis has been determined to be concentration and
time dependent. GQD uptake was shown to have negligible effect on human neural stem
cell metabolism and differentiation potential 45.
Generation of reactive oxidative species (ROS) is the primary toxicity concern when
considering GQDs. ROS generation in GQDs is only observed to occur in the presence of
light, indicating that GQD toxicity may be photo-dependent46. The ketonic carbonyl groups
of GQD have been seen to contribute most significantly to ROS generation47. As ROS
generation may not be able to be ruled out in all applications, removal of GQD from
aqueous solutions must be considered for processing of GQD-containing materials.
Coagulation of GQD at low pH could be utilized to assist in size based exclusion of GQD
from wastewater48. Adsorption of GQD onto activated carbon materials may also be
considered as remediation mechanism for water containing GQD49.

1.3

Objectives and Outlines
•

Apply commercial NF and composite membranes for application in which selective
separation for ions or organic molecules is desired and in doing so develop new
methods for reusing industrial wastewater and efficiently purifying organic
molecules.

•

Understand how presence and concentration of monovalent and divalent ions have
on ion transport in mixed salt solutions of various compositions. (Chapter 3)

•

Predict membrane rejection of divalent and monovalent ions using the extended
Nernst-Planck equation with steric partitioning. (Chapter 3)
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•

Apply knowledge in nanofiltration transport behavior to removing divalent ions
while also concentrating heavy metal ions and organic pollutants for downstream
removal to recover and reuse FGD wastewater and oil sands produced water.
(Chapter 4)

•

Integrate graphene oxide quantum dots into cellulosic polymer network using an
ionic liquid cosolvent and study the impact of the composite material on resulting
membrane properties. (Chapter 5)

•

Apply composite membrane synthesis techniques to other materials such as iron,
PAA, and lignin to further enhance membrane performance and create membranes
with unique properties that can be utilized in filtration applications. (Chapter 6)

•

Functionalize commercial nanofiltration membranes with lignin derived materials
in a scalable approach to improve antifouling behavior of membranes. (Chapter 6)
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CHAPTER 2. OVERVIEW OF GENERAL METHODS
2.1

Zeta Potential Analysis
Surface charge of membranes is an important property in studying membranes

surface chemistry, verifying successful functionalization, or determining presence of
composite materials at the membrane surface. The Anton Parr Surpass electrokinetic
analyzer was utilized in this study. An electric double layer forms along a charge surface
that is dependent on the magnitude of the charged surface. While electrostatic forces bind
ions close to the membrane surface too tightly to be displaced, there is a slip plane at a
given distance where applied shear force will displace electrostatically adsorbed ions.
Displaced ions create a potential in the flow channel which can be measured. In our studies
we set the electrokinetic analyzer to apply and measure a back current (I) to neutralize any
potential across the flow channel. A simplified schematic of the flow channel and
subsequent measurement is given in Figure 2.1.

Figure 2.1 Simplified schematic of flow channel for zeta potential analysis.
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As shear force, which ideally varies linearly with pressure, is increased in a channel
additional ion are displaced. The slope of the current needed to neutralize the potential
caused by displaced ions as pressure was increased was used to determine zeta potential,
the charge at the slip plane in the electric double layer using a modification of the
Helmholtz-Smoluchowski equation:
𝜁𝜁 =

𝑑𝑑𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠
𝑑𝑑∆𝑝𝑝

𝜂𝜂

𝐿𝐿

× 𝜀𝜀×𝜀𝜀 × 𝐴𝐴
0

(2.1)

Where ζ is the zeta potential of the membrane. Istr is the streaming current or current needed
to neutralize a potential formed by ion displacement from shear flow through the channel.
∆p refers to the pressure drop in the channel. η is the dynamic viscosity of the electrolyte
solution being passed through the channel. 𝜀𝜀 × 𝜀𝜀0 refers to the dielectric coefficient of the

electrolyte solution. L and A are simply the length and width of the channel.

The zeta potential at various pH values is dependent on the pKa of the functional
groups. Zeta potential analysis unlike Fourier Transform Infra-Red Spectroscopy, is
surface specific. That said, care must be taken to account for flow that might be travelling
through more porous media. This may cause an erroneously large magnitude of charge to
be measured for the material in question. Ionic strength may also be modified in the
electrokinetic analyzer channel to study effective surface charge in different electrolyte
environments. As shown in Figure 2.2 zeta potential decreases as ionic strength decreases
due to ion shielding reducing the Debye length of the membrane. It is also important to
know that instrument error increases as ionic strength increases due to increased
conductivity of the electrolyte.
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Figure 2.2. Zeta potential of a charged membrane surface (NF270) vs ionic strength
(mM).
2.2

Contact Angle Measurement by Drop Shape Analysis
Contact angle has been used in these studies as a nondestructive way of determining

surface chemistry of membranes and confirming functionalization. Generally, the as
contact angle approaches zero, the surface chemistry is considered more hydrophilic. As
the contact angle approaches 90 degrees the surface is viewed as hydrophobic. The relation
of contact angle on surface tension of a solid liquid interface is given by Young’s equation.

σs = σsl + σl cosθ

(2.2)

Where σs is the surface tension of the solid (membrane, film, coating, etc.), σl is the
surface tension of the liquid, and σsl is the surface tension and the solid liquid interface.
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Figure 2.3. Contact angle and for a liquid drop on a solid surface.
2.3

Membrane Equations
For the various feed solutions, the membranes were characterized by volumetric

flux and the rejection of various species. Rejection, for a given species i, is given by
equation 2.2.
𝐶𝐶𝑖𝑖

𝑅𝑅 𝑖𝑖 = 1 − 𝐶𝐶 ,𝑝𝑝
𝑖𝑖 ,𝑏𝑏

(2.2)

Ci,b and Ci,p correspond to the ion concentration of a species i in the bulk feed and the

rejection respectively. Volumetric water flux, given by Jw, is related to the water
permeability of the membrane by equation 2.3.
𝐽𝐽𝑤𝑤 = 𝐴𝐴(∆𝑃𝑃 − ∆П)

(2.3)

A, a constant, is defined as the water permeability of a membrane, presented in this work
in units of LMH/bar. ∆P is the transmembrane pressure.
(2.4)

Js = Jw 𝐶𝐶𝑖𝑖,𝑝𝑝

Solute flux Js through the membrane is related to the water flux and permeate concentration
through a material balance on a specific ion, i.
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The Van’ t Hoff relation is used to determine osmotic pressure (∆П) at ideal
conditions, as seen in equation 4.
∆П = R g T ∑ni Ci,b R i

(2.5)

Where Rg is the gas constant and T is temperature. This equation has been modified with
the inclusion of the rejection term Ri, rejection of ion I,

to

account for the partial ion

rejection on the osmotic pressure. Ci,b is the bulk concentration of ion I in the feed. At
higher concentrations of ions osmotic pressure deviates from the Van’t Hoff relationship.
Of course, one can use the well-known equation by relating osmotic pressure with water
activity.
П=−

Rg T
V

ln(𝑎𝑎𝑤𝑤 )

(2.6)

Where V is the molar volume of water and aw is the water activity. However, for this work,
the Van’t Hoff relation is determined to be sufficient to determine osmotic pressure in the
concentration range between 10,000-30,000 mg/L TDS. At the beginning of recovery of
scrubber water, the osmotic pressure calculated by the Van’t Hoff relationship only varied
by 6% compared to the observed value.

2.4

Stirred Tank Membrane Study
Stirred tank membrane cells were used to test performance for membranes created

in lab, such as cellulose composite membranes. Membrane area for these tests were 13.2
cm2. Mixing was achieved through a magnetic stir plate set at 300 rpm. The Sterlitech
HP4750 cell holds 300 mL of solution and was used in our experiments to test membrane
performance between 1-11 bar. Transmembrane pressure was set by pressurizing nitrogen
17

in the headspace of the pressure cell. Polar solvents and water are compatible using this
setup shown in Figure 2.4.

Figure 2.4 Stirred cell setup for determination of membrane performance.
Flux was determined directly by electronic balance and samples were collected in
centrifuge tubes as needed. Fifteen minutes were allowed before samples were collected
after changing pressure to allow for the membrane to reach steady state. Flux was measured
in triplicate and standard deviation was calculated to from the three measurements. One
pressure was tested twice to ensure the membrane was stable throughout testing.

2.5

Crossflow Membrane Study
Spiral wound modules of commercial membranes were tested in crossflow setup to

ensure consistent membrane performance over a long term of testing. Spiral wound
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membrane area was 0.59 m2 for the 2540 scale modules tested in this study. The schematic
in Figure 2.5 depicts the cross flow set up in “feed and bleed mode” for water recovery.
Water was collected in a separate container while only the retentate is returned to the feed
tank, thus water is recovered at a flow rate equal to the permeate flowrate. For standard
operation, the permeate is recycled back into the feed tank and no volume of water is lost
during operation.

Figure 2.5. Cross flow setup employed in studying ion transport through NF
membranes and recovering industrial wastewater.
The setup was tested for transmembrane pressures between 1-12 bar. Flux was
measured through sampling with volumetric cylinders in triplicate. Thirty minutes were
given in-between pressure changes for the system to reach steady state. Transmembrane
pressure is controlled via the opening and closing of valves for retentate and bypass flow
paths. Retentate flowrate was maintained around 10 L/min for most test to eliminate any
effect of concentration polarization. Spiral wound elements tested in this have feed spacers
that further enhance convective mass transport.
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CHAPTER 3. ION TRANSPORT DURING NANOFILTATION OF SINGLE AND
MIXED SALT SOLUTIONS
3.1

Introduction
Cadotte et al, revolutionized membrane filtration with the development of the thin

film composite membrane in 198050. Thin film composite (TFC) NF membrane is formed
by the interfacial polymerization of an amine compound with an acyl chloride, resulting in
a surface of 100-200 nm51. Presence of amine and carboxyl groups in TFC membranes
result in a charge distribution throughout the membrane pores, which allows NF
membranes to effectively reject ions which would not be rejected through size exclusion
alone, thus maintaining a higher flux than denser reverse osmosis (RO) membranes.
Charged groups on the membrane surface repulse ions of like charge. Counter-ions
to the repulsed ions are also rejected as charge must be conserved. This exclusion of ions,
known as Donnan exclusion results from the impact of charge on equilibrium partioning.
Through Donnan exclusion, rejection of multivalent ions with like charge to the membrane
is greater than that of monovalent ions or multivalent counter-ions (ions with opposite
charge to the membrane)52. NF membranes have the potential to selectively separate ions
depending on membrane charge and the valence states of the ions53, 54. Therefore, NF
membranes have relatively high ion rejection while maintaining greater water permeability
than that of RO membranes. The confined nature of water at in membrane pore leads to
dielectric exclusion. Repulsion from dielectric exclusion also contributes to ion rejection
in a manner that is significantly more substantial for salts with divalent ions (1:2, 2:1, or
2:2) than for 1:1 monovalent salts55. In summary Donnan exclusion occurs due to charge
repulsion between the membrane surface and ions, while dielectric exclusion is dependent
on the magnitude of charge only.
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NF membranes have been proven to be effective at removing divalent ions from
solution56, 57. New polyamide-based composite hollow fiber NF membranes have been
developed for low pressure water softening58-60. Work has been done to model the rejection
behavior of NF membrane for mixed salt solutions61, 62. The concentration polarization
phenomenon in rejection of mixed salt solutions has also been studied63. High water
recovery (~85%) has been investigated for single salt solutions of NaCl/MgSO4, and pretreated lake water64.
The goal of this work is to study ion rejection behavior of mixed salt solutions
through NF membranes, with a focus on selective separations of mixed salt solutions
through spiral wound NF membrane modules. Larger scale spiral-wound membrane
modules (0.59 m2 surface area) were used in testing to more accurately simulate industrial
operating conditions and ensure consistency throughout testing.
Ion rejection phenomenon were studied for several synthetic single salt and mixed
salt feed solutions. Selective rejection preferential to divalent ions was observed in PNF2A
operation in both single salt and mixed salt synthetic solutions. The addition of similar
concentrations of monovalent salt had minimal effects on the rejection of divalent ions,
while the rejection of the ions making up the monovalent salt was reduced, becoming
negligible at higher concentrations.

3.2
3.2.1

Experimental Methods and Theory
Membranes and Solutions
The PNF2A membrane studied was a charged polyamide thin film composite

membrane developed in cooperation with Nanostone Membranes, Oceanside, CA. The
PNF2A membrane is positively charged over a wider pH range than typical NF
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membranes. For comparison the negatively charged Nanostone NF3A membrane and
recently developed NF4 membranes were used. All NF membranes were formed through
the well-known interfacial polymerization process of an amine with an acyl chloride, but
the exact composition cannot be disclosed. The membranes were tested in the spiral wound
module configuration (0.59 m2). The use of membrane modules allowed for more stable
comparison than flat sheet membranes, as the same module was used for various tests. The
larger surface area mitigates the impact of any membrane defects and the enclosed module
protects the membrane from damage. The commercial NF3A and NF4 membranes were
brought in for comparison.
Feed solutions composed of pure salts and various salt mixtures were prepared for
this study from ACS certified salts purchased from Fisher.
3.2.2

Experimental Apparatus and Methods
Tests of 0.59 m2 spiral wound membrane modules were conducted using a unit

consisting of two parallel PVC pressure vessels. The schematic for this unit can be seen in
Figure 3.1. Feed solution was stored in a polypropylene tank and was delivered by a Procon
stainless-steel pump (200 psi max pressure). In the tests, pressure was varied between 214 bar. A cooling coil was used to stabilize tank temperature which remained between 2528 °C unless increased for high-temperature study in which temperatures were increased
to 40 °C. Concentrate flow rate was held between around 11.4 L/m. During normal
operation, both concentrate and permeate were recycled back into the feed tank. The system
was allowed thirty minutes to reach steady state before data collection after a change in
operation pressure. The system was cleaned between test runs, with DI water being
permeated through the membrane at a pressure of approximately 3.5 bar for 30 minutes.
After cleaning, the water was disposed of to prevent contamination.
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Figure 3.1 Membrane unit for the experimental testing of 2514 scale NF Membrane
modules.
3.2.3 Sample Analysis
All conductivity analysis for feed solutions and permeates was measured using a
Fisher Scientific conductivity probe with instrument error of 1%. Ca, Na, Mg, and Se
concentration were measured through analysis with Inductively Coupled Plasma Optical
Emission Spectrometry (ICP-OES Varian VISTA-PRO). Following conventional ICP
protocol, yttrium chloride (1 mg/L) was used as a standard to account for variation in
sample volumes. Samples were diluted with 1% nitric acid to aid in digestion of ions in
solution. The wavelengths used for cation analysis were 318.127 nm (Ca), 285.213 nm
(Mg), and 568.821 nm (Na). Calculated error for ICP-OES was determined to be 1% for
Ca2+, and 18% for Na+.
3.2.4

Model for Ion Transport
The extended Nernst Planck equation has been applied to this system.
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𝐽𝐽𝑖𝑖 = −𝐾𝐾𝑑𝑑 𝐷𝐷𝑖𝑖

𝑑𝑑𝑑𝑑𝑖𝑖
𝑑𝑑𝑑𝑑

−

𝑍𝑍𝑖𝑖 𝐶𝐶𝑖𝑖 𝐷𝐷𝑖𝑖 𝐹𝐹 𝑑𝑑𝑑𝑑
𝑅𝑅𝑅𝑅

𝑑𝑑𝑑𝑑

+𝐾𝐾𝑖𝑖𝑖𝑖 𝐶𝐶𝑖𝑖 𝐽𝐽𝑣𝑣

(3.1)

Ji is the transport of ionic species through the membrane. The first term in the

Equation 3.1 accounts for the diffusive transport through the membranes, where Kd

is the hindered coefficient for diffusion of solute through the membrane. The second

term in the equation corresponds to electrically The third term in the equation

represents the convective transport of ions through the membrane, in which, Kc is
the coupling coefficient. Kd and Kc are dependent on the ratio of solute radius to
effective pore size (λi) of the membrane and can be estimated by
and Equation 3.3 [17].

Where,

λi=ri/rp

𝐾𝐾𝑖𝑖𝑖𝑖 = 1.0 − 2.30𝜆𝜆𝑖𝑖 + 1.154𝜆𝜆2𝑖𝑖 + 0.224𝜆𝜆3𝑖𝑖

𝐾𝐾𝑖𝑖𝑖𝑖 = 1.0 + 0.054𝜆𝜆𝑖𝑖 − 0.988𝜆𝜆2𝑖𝑖 + 0.441𝜆𝜆3𝑖𝑖
(solute

radius/pore

(1.2

(1.2)
(3.3)
radius).

In order to determine rp of the membrane the modified Nernst Planck equation was
simplified for transport of uncharged solutes by removing the electrically driven
transport term as seen in Equation 3.4.

𝐽𝐽𝑖𝑖 = −𝐾𝐾𝑑𝑑 𝐷𝐷𝑖𝑖

𝑑𝑑𝑑𝑑𝑖𝑖
𝑑𝑑𝑑𝑑

− +𝐾𝐾𝑖𝑖𝑖𝑖 𝐶𝐶𝑖𝑖 𝐽𝐽𝑣𝑣

(3.4)

There is no net current flowing through the membrane, i.e. no net flux of charge

across the membranes. Fi account for the transport of cationic species through
charged polyamide membranes the

potential gradient term

must be

determined(second term in Equation 3.1. It can be estimated by Equation 3.5, which
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is derived from +KicCi Jv

charge through the membrane.

after using the condition of no net flux of
dφ
dx

=

∑n
i=1

zi Jv
�K C −Ci_permeate �
Kid Di∞ ic i
F n
∑
z2 C
RT i=1 i i

(3.5)

The membrane was assumed to have a fixed charge density, Xd, across its entire

thickness and it was assumed that charge must be balanced both at the feed and the
permeate of the membrane.

∑ni=1 zi Ci + Xd = 0

(3.6)

Steric partitioning was also accounted for in the model and partitioning coefficient

of various ions at membrane was calculated using Equation 3.7.
ϕ = (1 − λi )2 …

(3.7)

J
Cp = i�J
v

(3.8)

Concentration of the ions in permeate was calculated by Equation 3.8.

Influence of concentration polarization was assumed to be minimal for these

studies, as tangential flow through the spiral wound modules was over 2.5 gallons per
minute. Per pass recovery of water through the membranes was found to be ~1%, so

ion concentration in the feed solution is assumed to be uniform as tangential
convective mass transport dominates mass transfer through the membrane.

Sherwood number was thus assumed to be high enough to neglect concentration
polarization effects.

The model was utilized in conjunction with several sets of single salt rejection

data for multiple ion of varying valency The Xd term was optimized to simultaneously
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fit 4 sets of single salt rejection. It was assumed that Xd change for the experimental
sets was largely a property of the membrane, and the concentration of solute was too

low to have major impact on the Xd value outright. These assumptions were suitable

to demonstrate that the data could be reasonably fit, thus the transport fundamentals
in the Nernst Planck equation hold true in this scenario. Furthermore differences
between ions that contribute to changes in rejection could be analyzed.
3.3
3.3.1

Results and Discussion
Characterization of PNF2A Membrane Surface
The Nanostone PNF2A membrane tested in these studies has unique surface

properties and performance due to the addition of mixed amines during interfacial
polymerization. Thus, the surface properties have been studied in order to better understand
how the surface chemistry differs from commercial membranes. The surface composition
of a flat sheet of PNF2A was characterized using X-ray photoelectric spectroscopy
(Thermo Scientific K-Alpha) with Al/K (hν=2000eV) anode mono X-ray source. The
results of a surface scan on PNF2A alongside NF3A, a commercial negatively charged
polyamide NF membrane also produced by Nanostone, in addition to PS35, a polysulfone
ultrafiltration membrane used as a support in NF casting are shown in Figure 3.2. The C1s,
N1s, O1s, peaks were present at 285, 532, 399 eV respectively. It can clearly be seen that
the intensity of the nitrogen peak in both of the NF membrane is much greater than the
surface of the polysulfone backing (PS35). It can also be seen that the S2s and S2p3 peaks
are not visible in the NF3A or PNF2A samples thus the backing is not being expressed
through the NF surface. The elemental ratios were determined by peak area and compared
to literature results for NF 270, a commercial membrane produced by DOW FILMTEC, in
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Table 3.165. As indicated by the C:O:N ratio, PNF2A has a greater percentage of N than
the NF-270 which results from the mixed amines added to the piperazine solution in the
casting of the membrane.

Figure 3.2. XPS survey scan of PS35, NF3A, and PNF2A membranes.
Table 3.1: XPS surface characterization for O, N, and C performed for PNF2A
membrane compared to literature values for DOW NF-270 membrane.
DOW NF 270
[19]
Peak
Atomic %
O1s
22.3
N1s
7.5
C1s
64.4
C:O:N Ratio
8.6: 3.0:1.0

PNF2A-Experimental Data
Peak Peak BE (eV) Atomic %
O1s
532.21
24.36
N1s
400.16
10.27
C1s
286.03
65.37
C:O:N Ratio
6.4:2.4:1

Zeta potential analysis was performed with the Anton-Paar Surpass Electrokinetic
Analyzer to characterize membrane surface charge of the Nanostone PNF2A. This data is
compared to literature data for the Dow NF-270 membrane published by Tannien et al66.
The resulting data can be seen in Figure 3.3. Two pKa shifts, one at pH 4 and one at pH 8
in the PNF2A membrane indicate the presence of both acidic and basic groups which in
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this case are both carboxyl and amine groups. The PNF2A membrane is shown to maintain
a higher surface charge than the DOW NF-270 membrane over the pH range, due to the
presence of primary amine groups. It must be stated that above pH 5 the PNF2A membrane
is negatively charged. As a result, the comparing ion transport behavior regarding counter
ion and co-ion properties should be comparable between membranes.

Zeta Potential (mV)
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Figure 3.3 Zeta Potential of the Nanostone PNF2A and DOW NF-270 membranes vs.
pH.
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3.3.2

Ion Rejection in Synthetic Single Salt Solutions.
The water permeability and rejection characteristics of single salt solutions

(Na2SO4, CaCl2, MgSO4 , NaCl) are presented for PNF2A. Table 3 lists these values with
data for commercial membranes from literature66, 67. Experimental results for NF3A and
NF4, commercial negatively charged membranes also produced by Nanostone, have also
been included for reference. Water permeability and single salt rejection of PNF2A are
comparable to that of the commercial NF membranes. Concentrations were chosen to
maintain charge equivalency of differing ions in later mixed salt experiments. At the
concentrations chosen for synthetic salt solutions, the meq/L values are nearly equal to
each other, 34.2 meq/L Na+ compared to 36 meq/L Ca2+ and 34.2 meq/L Cl- compared to
28.2 meq/L SO42- (a 20% difference). PNF2A ion rejection for single salts was found to
increase in the manner of NaCl< Na2SO4 < CaCl2 < Mg2SO4. This corresponds to the
combined influence of Donnan and dielectric forces in the rejection of ions. Higher
rejection of divalent cations over divalent anions is explained by the larger hydrated ionic
radius of Ca2+ (0.42 nm) and Mg2+ (0.44 nm) to SO42- (0.392 nm). 56, 68
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Table 3.2: Water Permeability and Single Salt rejection performance of selected
commercial membranes and PNF2A. Operating pressure for NF3A, PNF2A, and NF4
was 10.3 bar. Feed pH 5-6.

NF
Manufacturer
Membrane

Contact
Angle
(°)66,67

676059585857

CaCl2
Water
Na2SO4
Rejection
Permeability Rejection (%)
(%)
(LMH/bar)
{Conc.}
{Conc.}

6366

9967

98.866

---

9266

-----

---

96

80

5.5

99.5
{14.1 mM
feed}

95.9
{ 18 mM
feed}

99.1
{16.1 mM
feed}

---

17.7 ± 1.8

5.1

82.6
{14.1 mM
feed}

92.3
{18 mM
feed}

95
{16.1 mM
feed}

43.6
{34.2 mM
feed}

---

8.5

---

98.3
{18 mM
feed}

---

46.2
{34.2 mM
feed}

NF270

Dow Filmtec

30 ± 2

8.566

NF90

Dow Filmtec

54

5.266

Desal-5
DK

SUEZ

74 ± 2

3.367

NF3A

Nanostone

22.3 ± 2.5

PNF2A

Nanostone

NF4

Nanostone

9666

MgSO4
NaCl
Rejection
Rejection (%)
(%)
{Conc.}
{Conc.}

9566

5966

The extended Nernst Planck equation with steric partitioning model was used to fit
flux dependent rejection of several single salt solutions (Figure). Charge Density of the
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membrane could be fit to accurately predict rejection of most salt solutions. CaCl2 rejection
is underestimated by the current model. This is likely due to dielectric exclusion effects
that have not been incorporated into the current model.

Figure 3.4. Ion rejection for mixed salt solutions as determined experimentally and
by optimization of the extended Nernst Planck model. All salt solutions 2000 mg/L.
pH=5.9.
3.3.3

Ion Rejection in Synthetic Mixed-Salt Solutions
A goal in this work was to study the rejection characteristic of mixed-salt solutions

containing either multiple cations or multiple anions. Two synthetic mixed-salt solutions
were created, 18 mM CaCl2/34.2 mM NaCl (Figure 3.5) and 14.1 mM Na2SO4/34.2 mM
NaCl. (Figure 3.6). In tests of both solutions it was evident that the rejection of the divalent
ion was not significantly reduced in the presence of added monovalent salt. Monovalent
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salt rejection was reduced roughly 10%. These results suggest that at similar concentrations
charge shielding does not inhibit rejection of divalent ions due to combined Donnan and
dielectric exclusion forces. This is consistent with current literature. In experimental data
published by Deon et al. , a 1:2 ratio of MgCl2 to NaCl the Mg2+ rejection did not decrease
from that of a similar concentration of solution of MgCl263. The synthetic salt solution
experiments were limited to similar concentrations of salt. Excess concentrations of
monovalent salt are predicted to reduce the rejection of the divalent ion, as it is well
established that significantly increasing ionic strength reduces effective surface charge
through shielding69. The greater magnitude of positive charge of Ca2+ interacts more
closely with the membrane surface than Na+. This interaction helps to shield the Cl- from
the charge of the membrane surface, reducing Donnan exclusion. Na+ has a smaller
hydrated radius that Ca2+, and thus will transport through the pores more easily when
charge is shielded.

Figure 3.5. PNF2A water flux and rejection data for 18 mM CaCl2 / 34.2 mM NaCl
mixed salt solution. Operating temperature was 27°C. Feed pH was 5.9. Retentate
flowrate was maintained at 10.1 L/min. Line denotes predicted trend.
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Figure 3.6. PNF2A Water flux and rejection data for 14.1 mM Na2SO4 / 34.2 mM
NaCl mixed salt solution. Operating temperature was 27°C. Feed pH was 5.9.
Retentate flowrate was maintained at 10.1 L/min. Line denotes predicted trend.
Similar results are also seen in Garcia-Aleman et al. in regards to how increasing
Mg2+ increases Na+ transport across the membrane70. The paper goes on to show Cltransport is also reduced in the presence of SO42-.
3.3.4

Ion rejection as a function of ionic strength
The effects of ionic strength on ion rejection are very significant in understanding

transport and interactions for mixed salt solutions. This is particularly relevant as several
industrial applications for NF membranes involve concentrations exceeding 10,000 mg/L
TDS. To gain a better understanding of the effective of ionic strength and interaction of
multiple salts, PNF2A rejection of Ca2+ and Na+ was studied as NaCl was progressively
added to an 18mM CaCl2 solution. Figure 3.7 shows the Ca2+ and Na+ rejection normalized
over the pure CaCl2 and NaCl rejection shown in Table 3.2. The presence of CaCl2
corresponds to a reduced Na+ rejection when compared to the pure NaCl rejection at the
same concentration. The initial added concentration of 34.2 mM NaCl however results in
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only 3% loss in Ca2+ rejection compared to the single salt rejection. It can be reasoned that
in the case of similar equivalencies, the screening effects of the divalent ion have
significant implication for Donnan exclusion of the monovalent ion, while the monovalent
ion has negligible influence with how the divalent ion interacts with the membrane. Further
increase in ionic strength led to the substantial rejection loss for Na+ compared to Ca2+.
Charge shielding as ionic strength increases inhibits Donnan exclusion. Thus, the effect of
charge repulsion due to charge shielding appears less severe with divalent ions than
monovalent ions. The trend in rejection loss seems to level off beyond 200mM NaCl. This
concentration corresponds to the concentration beyond which membrane charge becomes
constant, according to studies on membrane surface charge at high ionic strengths

71

.

Increased rejection of divalent ions at high ionic strength results from their larger hydrated
ionic radius over monovalent ions as well as a larger potential for dielectric exclusion due
to the magnitude of their charge. High selectivity becomes possible as charge repulsion
remains significant enough to reject divalent ions, but monovalent ions can transport
through the membrane.
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Figure 3.7: Rejection of Ca2+ and Na+ normalized using the single salt rejection in
Table 1 vs. NaCl concentration as NaCl was progressively added into the mixed salt
feed. Initial feed concentration is equal to 18 mM CaCl2. Temperature = 28-30
degrees C. Retentate flowrate = 10.1 L/min. Feed pH = 6.
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CHAPTER 4. NANOFILTRATION FOR INDUSTRIAL WASTEWATER
TREATMENT
4.1

Introduction
Membrane processes have found extensive use in wastewater treatment and

desalination in various industries such as textiles72 , dairy

73

, and pharmaceuticals74.

Treatment of wastewater containing high concentrations of dissolved solids (TDS) requires
selective separations due to osmotic pressure issues. Charged nanofiltration (NF)
membranes have found extensive use in the desalination of produced water in the oil and
gas industry due to the capability for selective separations and lower energy costs than
reverse osmosis (RO) membranes75, 76.
This work aims to test the effectiveness of desalination of scrubber wastewater at
water recoveries exceeding 75%. Challenges of osmotic pressure increase during water
recovery through NF desalination. This work also studies onset of gypsum (CaSO4•2H2O)
precipitation during water recovery, including the effect of counter ions such as Cl- on
gypsum solubility. This research expands on previous work in desalination of
multicomponent feeds by incorporating the large-scale membrane modules in experiments
with a variety of synthetic feed solutions and water recovery of actual scrubber water with
limitedly soluble ions in solution.

4.2
4.2.1

Experimental
Commercial NF Membranes
The PNF2A membrane studied was a charged polyamide thin film composite

membrane developed in cooperation with Nanostone Membranes, Oceanside, CA. The
PNF2A membrane is positively charged over a wider pH range than typical NF
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membranes. For comparison the negatively charged Nanostone NF3A membrane and
recently developed NF4 membranes were used. All NF membranes were formed through
the well-known interfacial polymerization process of an amine with an acyl chloride, but
the exact composition cannot be disclosed. The membranes were tested in the spiral wound
module configuration (0.59 m2). The use of membrane modules allowed for more stable
comparison than flat sheet membranes, as the same module was used for various tests. The
larger surface area mitigates the impact of any membrane defects and the enclosed module
protects the membrane from damage. The commercial NF3A and NF4 membranes were
brought in for comparison.
4.2.2

Plant Bowen Flue Gas Desulfurization Wastewater
Actual scrubber water (composition given in Table 4.1) received from Georgia

Power Plant Bowen was also tested. The water contains high concentrations of Ca2+, Mg2+,
Cl-, and SO42- mostly divalent cations and a mixture of divalent and monovalent anions,
along with some additional metals. The presence of Ca2+ ions from the limestone slurry and
SO42- ions from the removal of SO2 from power plant flue gas is notable due to the potential
of precipitation of CaSO4 solid. The received water was slightly below saturation
concentrations as no particulates were observed suspended in the water.
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Table 4.1: Concentration of various ions and trace metals in scrubber wastewater
received from Plant Bowen, GA. Water pH= 4.5. Trace metal concentrations
determined by inductively coupled plasma dynamic reaction cell mass spectrometry
(ICP-DRC-MS) by Applied Speciation and Consulting LLC.
Ion/Element

Concentration
(mg/L)
3184

2+

Ca

2+

660

+

100

-

6656

Mg

Na
Cl

1169

2-

SO4
Se
As
Ni
Cd
Mn
Zn

4.2.3

0.61
0.005
0.39
0.06
5.79
1.92

High TDS Produced Water

Produced water samples were provided by Chevron as seen in Table 4.2. Notably this
water has high TDS (conductivity exceeding 6.24 mS/cm) largely made up of sodium and
chloride ions. Higher valency ions as well as nonmetallic ions were present within the
wastewater. Naphthenic acid was also present in the produced water (34 mg/L) and was
the major target solute for removal in this study.
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Table 4.2. Inorganic and organic analysis of produced water samples.

4.2.4

BrCl-

mg/L
130
130000

FNO3NO2Sulfate
NH3 as N
HCO3- (as CaCO3)
CO3-- (as CaCO3)
Total alkalinity (as CaCO3)
Ba
Ca
Fe
Mg
K
Na
Silica
pH
Spec. Conduct (uS/cm)

0
0
0
20
60
182
0
182
42
3500
46
1200
300
61000
44
6.06
624000

SG
TDS

1.13
220000

TOC
TSS

270
133

Nanofiltration apparatus and methods.

Tests of 0.59 m2 spiral wound membrane modules were conducted using a unit consisting
of two parallel PVC pressure vessels. The schematic for this unit can be seen in Figure 4.1.
Feed solution was stored in a polypropylene tank and was delivered by a Procon stainlesssteel pump (200 psi max pressure). In the tests, pressure was varied between 2-14 bar. A
cooling coil was used to stabilize tank temperature which remained between 25-28 °C
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unless increased for high-temperature study in which temperatures were increased to 40
°C. Concentrate flow rate was held between around 11.4 L/m. During normal operation,
both concentrate and permeate were recycled back into the feed tank. The system was
allowed thirty minutes to reach steady state before data collection after a change in
operation pressure. The system was cleaned between test runs, with DI water being
permeated through the membrane at a pressure of approximately 3.5 bar for 30 minutes.
After cleaning, the water was disposed of to prevent contamination. After recovery runs,
the membrane was cleaned with DI water in a similar fashion to avoid scaling caused by
stagnation of water in the membrane. During water recovery testing, the system is operated
in feed and bleed mode, meaning permeate was collected in a separate container, while the
concentrate was recycled back into the feed tank.

Figure 4.1. Nanofiltration apparatus for industrial wastewater recovery.
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4.2.5

Analysis of Samples
All conductivity analysis for feed solutions and permeates was measured using a

Fisher Scientific conductivity probe with instrument error of 1%. Ca, Na, Mg, and Se
concentration were measured through analysis with Inductively Coupled Plasma Optical
Emission Spectrometry (ICP-OES Varian VISTA-PRO). Following conventional ICP
protocol, yttrium chloride (1 mg/L) was used as a standard to account for variation in
sample volumes. Samples were diluted with 1% nitric acid to aid in digestion of ions in
solution. The wavelengths used for cation analysis were 318.127 nm (Ca), 285.213 nm
(Mg), and 568.821 nm (Na). Calculated error for ICP-OES was determined to be 1% for
Ca2+, 7% for Mg2+, and 18% for Na+. Concentrations of Se exceeding 50 µg/L were
analyzed at a wavelength of 196.026 nm. For samples containing less than 50 µg/L Se,
graphite furnace atomic absorption spectrometer (GFAAS, Varian 880Z) was used.
Samples were digested at 110 °C for 2 h. Selenium standards for analysis of selenium were
prepared with similar concentrations of dissolved solids (accounting for dilution) to best
match the matrix to the scrubber water samples. Concentrations of Cl-, SO42- were analyzed
by DIONEX IC25 ion chromatograph (column: IonPac AS18 4x250 mm) with
Na2CO3/NaHCO3 buffer solution as mobile phase (1 mL/min, 2000 psi). Cl- and SO42errors were determined to be 3.9% and 6.8% respectively.
Samples for scrubber water treated by NF and iron nanoparticle functionalized tab
analysis was performed by ion chromatography inductively coupled plasma collision
reaction cell mass spectrometry (IC-ICP-CRC-MS). Total elemental analyses for Se, As,
Ni, Cd, Mn, and Zn were performed via inductively coupled plasma dynamic reaction cell
mass spectrometry (ICP-DRC-MS).
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4.2.6

Naphthenic acid (NA) separation by nanofiltration (NF):
High TDS produced water from oil sands tailings was provided by Chevron. The

summary of the inorganic and organic composition of this water can be seen in Table 4.3.
Among the TOC present are naphthenic acid in produced water is roughly 34 mg/L.
Synthetic solutions were also used to study naphthenic acid removal in different ion
conditions.
Table 4.3: Summary of organic and inorganic contents of oil sands produced water
used in the study
pH

5.5-6

TOC (mg/L)

150

TDS (mg/L)

210,000

TSS (mg/L)

25.8

CO3- (mg/L)

182

Cl- (mg/L)

110,000

SO42-(mg/L)

80

Na (mg/L)

64000

Ca (mg/L)

5000

Fe (mg/L)

58

Mg (mg/L)

2400
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NA separations by NF membrane were studied in Sterlitech filtration cell operated
in dead-end mode. Two commercial membranes, DOW FLIMTEC NF270 and Nanostone
Water Co. NF8, were used for the study. Before every experimental run, the membranes
were rinsed with DIUF water and were tested for defects by measuring salt rejection using
a magnesium sulfate standard.
Where, Cper and Cfeed are the permeate and feed concentration of the species.
Pressure normalized water flux (permeability) of the membranes was determined before
and after the experiments with produced water samples. The flux was measured, by
recording the mass of the permeate through the RS232 output of the balance at a sampling
rate of 50 sec-1. Produced water flux by NF membranes was monitored for 20 h in crossflow setup. 10 L of feed produced water was used, and 10 ml of the permeate (0.1%
recovery) was taken out for analysis during each sampling (10 samples over the course of
the experiment). Produced water flux was also monitored with increasing recovery (up to
80 %) in dead-end mode filtration cell.

4.3

Results and Discussion
Ion rejection phenomenon were studied for scrubber wastewater from Plant Bowen,

GA and high TDS oil sands produced water. Selective rejection preferential to divalent
ions was observed in PNF2A operation in industrial wastewater water. The addition of
similar concentrations of monovalent salt had minimal effects on the rejection of divalent
ions, while the rejection of the ions making up the monovalent salt was reduced, becoming
negligible at higher concentrations. The flux and rejection of ions were studied for up to
80% water recovery of the scrubber wastewater, at which point over 60% TDS rejection
was observed in the overall permeate. Gypsum formation was also studied during recovery.
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High recovery (~80%) of produced water was also achieved while removing naphthenic
acid pollutants from solution.
4.3.1

Partial Desalination of High TDS Scrubber Wastewater
Unlike the high-TDS synthetic water feed solution, the scrubber water received

from Plant Bowen, GA had a relatively low concentration of Na+ ( 4.3 mM), while
containing high concentrations of Ca2+ (~80 mM), Mg2+ (27.2 mM), Cl- (~186.2 mM) , and
SO42- (~12.1 mM). The overall TDS of the scrubber wastewater is 12,000 mg/L. As this
water is largely composed of divalent ions, reduction of TDS through nanofiltration is
hypothesized to be successful. Rejection of major ion components can be seen in Figure
4.2. The membrane rejected over 90% of all major ion species in the scrubber water with
the exception of monovalent sodium. A flux 32.2 LMH was maintained during operation.
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Figure 4.2: PNF2A ion rejection for Plant Bowen scrubber wastewater. Experiment
performed at 25°C. Operating pressure was held at 13.45 bar. Water flux was
observed to be 32.2 LM. Feed pH = 4.5.
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4.3.2

High Water Recovery of Scrubber Wastewater
A single pass of scrubber wastewater through the NF membranes results in roughly

5% water recovery when concentrate flow rate is maintained at 3 GPM. Scrubber water
feed was recirculated through the membrane while permeate was collected in a container
to obtain high water recovery in a feed and bleed mode. Concentration polarization and
surface scaling during feed and bleed operation is significantly reduced compared to
operating at a high recovery during a single pass. Figure 4.3 shows the volumetric flux of
the PNF2A, NF3A, and NF4 membranes. The decrease in volumetric flux corresponding
to increasing water recovery is related to the increase in osmotic pressure of the feed
solution with recovery. A higher water recovery could easily be obtained by operating at a
higher pressure.
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Figure 4.3: Water flux throughout high recovery operation of the PNF2A, NF3A, and
NF4 membranes. Operating pressure maintained at 13.8 bar. Retentate flowrate
maintained at 11.4 L/min. Tank temperature varied from 20-27°C. Feed pH= 4.5.
Table 4.4 shows the concentration of ions in the feed, PNF2A overall permeate,
and retentate after 80% water recovery was achieved in feed and bleed operation. The
selectivity of the membranes for ion removal were quantified by the overall rejection of
ions, determined by comparing the concentration of the total permeate to the initial feed.
This method of quantifying rejection is most practical to the intended application of
recovering water suitable for reuse in process while reducing the volume of wastewater.
Charge shielding from the increasing ion concentration at the boundary layer will reduce
single pass rejection during the duration of water recovery. Even if this were not the case
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and rejection were to remain constant, at overall rejection would still decrease over the
course of water recovery. At 90% water recovery, 90% rejection of a particular ion would
result in permeate that is close to the quality of the initial feed. Overall rejection of Ca2+
and Mg2+ were just over 60% and 76% respectively. Overall Cl- rejection was observed to
correlate Ca2+ rejection as expected due to Ca2+ and Cl-composing the major cation/anion
pair in solution. SO42- rejection after 80% water recovery was observed to remain at over
93% due to the formation of gypsum at higher water recovery preventing the increase of
SO42- concentration during water recovery.
Table 4.4: Feed, retentate, and overall permeate analysis for high water recovery
operation of PNF2A membrane module.

FGD Process
Water Feed

Ca2+ Mg2+ Na+ Cl- SO42- NO3- as N
Se
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
(µg/L)
2894

660

214

6585

1262

PNF2A
Retentate 80%
Water Recovery 6307 1907 215 15839 1614
PNF2A Overall
Permeate
1140 157
75 2480
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PNF2A Overall
Rejection (%) 60.6% 76.2% 64.9% 62.3% 93.5%

TSS
(mg/L)

16

750

0

26

1570

1398

4

120

0

71.6%

84.2%

---

NF membranes have the capability of achieving higher water recovery at lower
operating pressures than RO membrane due to their selective rejection properties. As water
recovery increases, rejection in an NF membrane decreases. RO membranes show
relatively constant rejection vs water recovery, as size exclusion is the primary factor in
rejection. At 80% water recovery the retentate concentration can be as high as 5 times that
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of the feed concentration, leading the osmotic pressure to increase nearly 5 times in RO
membranes. However, in the case of an NF membrane, the rejection is far below 99%, so
only a fraction of the osmotic pressure difference of RO operation is encountered. PNF2A
rejection decreases more substantially during water recovery than either NF3A and NF4
allowing for greater water flux at high recovery.
4.3.3

Gypsum formation
The scrubber wastewater contains high concentrations of Ca2+ and SO42- , thus at

high water recovery the precipitation of gypsum occurs as the solution reaches saturation.
Gypsum fouling on the membrane surface and between feed spacers is well known to be a
cause of reduced volumetric flux. It is desirable to know the point in water recovery that
gypsum precipitation will begin in addition to the number of particles formed after recovery
is complete. Gypsum that precipitates does not contribute to osmotic pressure differences
across the membrane. Thus, the true effect of precipitation of gypsum on flux during water
recovery is a combination of reduced osmotic pressure and fouling aspects. Gypsum
precipitation, if controlled by a seed crystals or other methods, may also be utilized to
reduce the retentate concentration and lower osmotic pressure effect during high water
recovery operation77.
Calcium sulfate dihydrate has been shown to only be soluble up to 0.015 molal at
the temperature range between 20-40°C 78. The Handbook of Chemistry and Physics value
for Ksp of Calcium Sulfate dihydrate is 3.14 x10–5 at 25°C79. However the presence of Mg2+
and Na+, both present in significant concentration in scrubber water, is expected to delay
precipitation as soluble complexes compete with gypsum

80

. Similar solubility increases

are hypothesized with the significant concentration of Cl- anions in solution.
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Concentrations of Ca2+ and SO42- were 0.158 M (6300 mg/L) and 0.017 M (1600 mg/L) in
the final retentate respectively. The ionic strength of the scrubber water is expected to
increase the solubility of calcium sulfate dihydrate somewhat as would the slight increase
of temperature during operation. The experimental ionic strength at 50% water recovery,
I, was calculated to be 0.12 M. Therefore, significant interaction between Ca2+ and Cl- ions
as well as Mg2+ and SO42- ions must be occurring.
Experimental data for 80% water recovery for PNF2A operation suggests that the
total suspended solid concentration was around 1400 mg/L in the retentate. This TSS
concentration is a little over 5% the concentration of the retentate TDS. Magnesium, a nonprecipitating divalent cation, tripled in concentration between feed and retentate after 80%
of the water was recovered in during PNF2A tests. Comparatively the concentration species
involved in the precipitation of gypsum , Ca2+ and SO42- , increased by 2.2 and 1.3 times
respectively during the same test. The maximum amount of gypsum that could theoretically
be present before water recovery is 1800 mg/L. Therefore at 80% water recovery one would
expect the maximum possible TSS value to be 9000 mg/L, far greater than the actual
measured value. It is possible some CaSO4 could be present as a scale layer on the
membrane surface, but flux behavior during recovery doesn’t indicate scale formation is
significant. Thus, the presence of Cl- and Mg2+ are believed to result in the reduced
occurrence of dissolved solids unless there is significant presence of small particles that
bypassed filtering during TSS collection.
As suggested by Mi and Elimelech, Ca2+ attraction to the surface of a negatively
charged NF membrane may yield a higher concentration of Ca2+ at the surface, initiating
the formation of gypsum pre-nucleation clusters81. Thus, it may be possible to reduce
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fouling by inhibiting the formation of pre-nucleation clusters on the membrane surface by
implementing a membrane with positive charge. If this were to be the case, fouling could
still result to gypsum particles to agglomerate and stick to the membrane surface after
formation. At the current degree of gypsum formation during water recovery, no significant
fouling was observed. The particulates did not appear to adhere to the membrane surface,
instead being carried by the convective cross-flow. Further experiments must be done to
determine if indeed gypsum particle formation can be inhibited at the membrane surface
and the magnitude fouling is reduced when particles are formed in bulk solution compared
to the membrane surface.

4.3.4

Retentate and Overall Permeate Concentration During Water Recovery
The concentration of retentate and permeate during water recovery is shown in

Figure 4.4 and Figure 4.5 respectively. Na+ has been omitted due to low concentration. It
was also assumed that precipitation would initially occur at the same product of [Ca2+] and
[SO42-] in the retentate. This was done to account to account for the effect that the presence
of Cl- and Mg2+ had on solubility of gypsum. The formation of gypsum reduces the rate of
increase of Ca2+ in the retentate. As MgSO4 is soluble, Mg2+ does not precipitate and
continues to become concentrated in the permeate. The concentration of Cl- was
determined by charge balance. The concentration of TSS has been plotted on Figure 4.4 to
compare the concentration of gypsum crystals to Ca2+ and SO42+ concentrations during
water recovery.
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Figure 4.4: Retentate concentration during feed and bleed recovery of Plant Bowen
scrubber water... Assume ∆P=13.8 bar and cross flow is maintained at 11.4 L/min.
Feed pH =4.5.
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Figure 4.5: Overall permeate concentration during feed and bleed recovery of Plant
Bowen scrubber water. Assume ∆P=13.8 bar and cross flow is maintained at 11.4
L/min. Feed pH = 4.5.

4.3.5

Long Term Module Stability
The spiral wound membrane module was tested over the course of 144 days. Figure

4.6 shows the water permeability of the membrane during testing. A wide range of feed
concentrations and temperatures were tested, including feed solutions containing over
10,000 mg/L TDS. Water permeability is dependent on the viscosity of water. Viscosity
normalized permeability was calculated by the following equation.
𝐴𝐴𝜇𝜇 =

𝐽𝐽𝑤𝑤

(∆𝑃𝑃−∆П) �
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(6)

Viscosity of water at a given temperature was interpolated from data from Kestin et al. 82
As can be seen water permeability of the membrane remained stable over the course of
testing, decreasing at most 20% after a time period of 144 days of on and off testing. The
flux stability of the spiral wound membrane elements over a long span gives confidence
for the comparing membrane behavior over the course of testing. The packaging of the
membrane inside the spiral wound element and pressure cell prevented damage from
factors outside of the testing, such as the physical damage that can result from mounting
or removing flat sheet membranes from testing cells.

Figure 4.6. PNF2A Stability over the course of testing. Temperature varied
throughout testing. Outlying values of high permeability were observed during high
temperature runs (~44°C). Viscosity and osmotic pressure used to correct
experimental data for comparison.
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4.3.6

Heavy Metal Remediation
In addition to the rejection of major ions contributing to TDS in the FGD water,

significant rejection of trace heavy metals was achieved, among them selenium being a
primary concern. Results for the rejection of trace metals in PNF2A can be seen in Figure
4.7. Speciation of PNF2A permeate revealed presence of both Se (IV) and Se (VI). The
pKa2 for H2SeO4 is determined to be 2, therefore all selenate is present in the solutions as
SeO42- , a divalent anion. Rejection of SeO42- can be predicted to bear similarity to the
rejection of SO42- ions. H2SeO3 has a pKa1 of 2.46 and pKa2 of 7.31 and is present in
solution predominantly as HSeO3- in the slightly acidic scrubber wastewater83.
Theoretically SeO42- would be rejected at greater amounts as compared to SeO3- due to the
greater negative charge. Experimentally the rejection is also influenced by the ratio of
divalent cations to monovalent cations than the composition of Se.

Figure 4.7: PNF2A rejection of various trace metals in FGD process water from Plant
Bowen. Water flux for PNF2A was 32.2 LMH. Temperature and operating pressure
was maintained at 25°C and 13.45, respectively. Feed pH =4.5.
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Permeate can be further polished utilizing iron/iron oxide functionalized membrane
to reduce Se concentration below 10 ppb. Nanofiltration has been shown to improve
capture of Se in functionalized membrane processes by removing SO42- ions that compete
with SeO42- and SeO32- at the active sites of iron nanoparticles84. This behavior is shown in
Figure 4.8 Se conversion in NF permeate is like that of DI water, while conversion suffers
due to SO42- presence in scrubber wastewater. Nanofiltration allows for the concentration
of Se into the smaller retentate volume, while SO42- does not significantly increase during
water recovery due to precipitation of gypsum. The precipitation of gypsum is
advantageous in this scenario, as further concentration of sulfate ions would further hinder
Se capture. The most optimal combination of NF membranes and iron functionalized
membranes can be seen in Figure 4.9. Permeate is recycled back into the FGD unit, while
SO42- in the retentate is crystallized as CaSO4 before the retentate is passed through the
iron functionalized membrane for Se capture.
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Figure 4.8. Selenium removal with iron functionalized membranes in different water
matrix under convective flow condition. [Se]0=1.3±0.1 mg/L in scrubber water,
[Fe]0=8.4 mg (20.7 % weight gain), [TDS]0=12 g/L ([SO42-]0=11.7 mM or 1120 mg/L);
[Se]0=52.3 µg/L in NF permeate-1 (positively charged NF membrane), [Fe]0=9.9 mg
(23 % weight gain), [TDS]0=2.4 g/L ([SO42-]0=292 µM or 28 mg/L); [Se]0=11.0 µg/L in
NF permeate-2 (negatively charged NF membrane), [Fe]0=9.2 mg (23 % weight gain),
[TDS]0=0.92 g/L ([SO42-]0=0.094 µM or 9 mg/L); [Se]0=2±0.2 mg/L in DI water,
[Fe]0=4.0 mg (12.5 % weight gain). pH of feed solution: 4.5-5.5.

Figure 4.9. Process for combine TDS removal and Se capture for FGD scrubber water
reuse and remediation.
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4.3.7

Naphthenic Acid Removal from Produced Wastewater
Oil sands produced water containing naphthenic acid was investigated as another

potential water source for membrane treatment. Produced water samples had high
concentrations of monovalent ions (Na+ and Cl-). Lower activity of ions has been observed
for high ionic strengths in several studies. For the ionic strength of 3 mole Kg-1 (ionic
strength of produced water), Bates et.al. 85 observed an activity coefficient of 0.71 and 0.50
for NaCl and CaCl2, respectively. Using these activity coefficients, we estimated an
osmotic pressure of approximately 120 bar for the produced water. Nanofiltration
membranes have a low rejection for monovalent ions at such high ionic strengths. Two
commercially available NF membranes, NF8 (Nanostone water co.) and NF270 (DOWFLIMTEC) were investigated for separation of NA from aqueous solutions. Both
membranes are polyamide membranes with negative surface potential at neutral pH. The
observed pure water permeabilities for the two membranes were 13.4 LMH/bar and 16.7
LMH/bar, respectively.
The selective properties and permeability allow for NF membranes to be considered
for concentration of naphthenic acid in produced wastewater. Ideally the majority of
process water is recovered as NF permeate of suitable quality for discharge (≤10 mg/L
naphthenic acid), while the remaining process water present in the retentate can be treated
using functionalized membranes or other oxidative methods of degredation86. The effective
volume of process water to be oxidatively treated is decreased allowing for higher
membrane loading and longer residence times to be more attainable to enhance conversion
of naphthenic acids. A schematic showing the best utilization of NF membranes alongside
iron functionalized membranes can be seen in Figure 4.10.
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Figure 4.10. Schematic of suggested use of NF and Iron Functionalized Membranes
for naphthenic acid concentration and degradation from high-TDS produced water.
Separation of NA by NF was carried out with NA (Sigma-Aldrich) in DI water, synthetic
solution and produced water samples (prefiltered by 0.22 µm filter). High rejection of NA
was observed for both DOW270 and Solecta NF8, as shown in Figure 4.11. Rejection
studies carried out with the synthetic solution further validated rejection of NA from the
produced water. NA molecules contain negatively charged carboxylate group at neutral
pH, and therefore, the exclusion of NA by NF membrane is governed by both size and
charge exclusion principles 87. The lower observed rejection of NA (from Sigma-Aldrich)
in the produced water matrix is due to the screening of surface charge. Produced water
samples have high TDS content, and surface charge of the membrane is shielded by the
presence of high concentration of monovalent and divalent ions.
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Figure 4.11: Naphthenic acid (NA) rejection by nanofiltration membranes from
different water matrices. Synthetic solution: NA concentrations: synthetic solution
(mixture from Sigma-Aldrich dissolved in produced water): 38 mg/L, DI solution: 48
mg/L, Produced water: 34 mg/L.

Rejection of salt and water flux was monitored in the cross-flow cell over 20 h, as
shown in Figure 4.12. The rejection of various salts is summarized in Table 4.4. Filtration
process was operated at near 0% recovery to avoid any significant change in the
composition of the feed water over the course of the experiment. Lower ion rejection was
observed for produced water samples as compared to the studies with single salt solutions
in DI water, which is mainly due to the screening of membrane charge 88. Despite the low
rejection of NaCl of 6.8% and 5% for NF8 and NF270 membranes, the estimated osmotic
pressure difference due to NaCl rejection were 4.2 and 2.8 bar, respectively. The major
fraction of the applied pressure gradient (6.8 bar) was, therefore consumed to overcome
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the osmotic pressure gradient. A decline in flux was also observed over the course of
experiment with the produced water (80.4 % and 90% of the initial flux for NF8 and
NF270, respectively). After the course of operation, the membrane was washed with DI
water, and a flux recovery of 90% and 94% was observed for NF8 and NF270 membrane,
respectively. Flux behavior of the produced water with increasing water recovery was also
studied for both the membranes in stirred filtration cell operated in dead-end mode.

Figure 4.12: Flux of produced water through nanofiltration membrane with
increasing water recovery (filtration cell operated at dead end mode, pressure: 10.3
bar, temperature: 22oc). Insert: Flux of produced water through nanofiltration
membranes for 20 hours at 0% recovery (filtration cell operated at crossflow mode,
Pressure: 6.8 bar, temperature: 22oc)
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Table 4.4 NF Rejection of Naphthenic acid and major ionic species in oil sands
produced water

4.4

Conclusions
Rejection phenomenon for complex mixed salt solutions has been studied at multiple

concentrations and mixtures using charged thin film composite nanofiltration membranes.
For single salt solutions, rejection of divalent ions was greater than rejection of monovalent
ions, thus consistent with literature. For mixed salt solutions present in equal
concentrations by mass, the presence of monovalent ions did not affect the rejection of
divalent ions. It was also shown that the effects of charge shielding causes the loss of
rejection for monovalent ions to be significantly less than for divalent ions. The selective
rejections observed are consistent with literature. Effective desalination of scrubber
wastewater contained various ions exceeding 10,000 mg/L TDS was performed using the
PNF2A membrane, resulting in high rejections of divalent ions and trace metals. Selectivity
of NF membranes was critical for maintaining performance in both scrubber and oil sands
wastewater.
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During water recover operation, 80% of the original feed was recovered as permeate
with over 60% reduction in all major ion species. High recovery was also observed for oil
sands produced water while naphthenic acid concentration was reduced to acceptable
levels. Gypsum formation was found to occur beyond the predicted saturation point due to
the presence of Mg2+ and Cl- as counter ions. The gypsum precipitation helped maintain
high SO42- rejection even at high water recovery. Over the course of several different tests
over a 144 day span the spiral wound membrane module appeared to remain flux-stable.
NF membranes were shown to maintain NF desalination was successful for recovering
the scrubber water, as water did not to be highly pure to be reused in the process. Gypsum
precipitation was shown to aid rejection and decrease the rate of osmotic pressure increase
with recovery after the onset of precipitation. No fouling was observed at the
concentrations of gypsum present during water recovery, but further tests incorporating
higher gypsum concentrations are necessary to more conclusively test fouling. Further
study needs to be done on eliminating the residual rejection of monovalent species during
water recovery. Even if nominal in terms of percent rejection, osmotic pressure caused by
removal of monovalent ions impedes membrane performance and must be eliminated for
future process optimization.
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CHAPTER 5. CELLULOSE GRAPHENE QUANTUM DOT COMPOSITE
MEMBRANES FOR SELECTIVE SEPARATIONS
5.1

Introduction
It has been increasingly demanded for membranes to separate small organic

molecules such as pharmaceuticals and dyes

89, 90

. It is a great challenge to separate out

molecules smaller than 3 nm. Achieving selective separation as well as a good permeability
is the most critical requirement for the future of membrane separations. Besides selectivity,
much effort has been made to modify the surface of membrane to increase lifespan or
provide additional functions. For example, nanoparticles have been introduced into
membranes via a mixed matrix approach to improve selectivity and surface properties 91.
Mixed matrix membranes are typically fabricated by dispersing nanoparticles in the
polymer/solvent casting solution to improve the selectivity or to protect the membrane
surface against fouling

92-95

. In the dispersion, the interaction between nanoparticles and

polymers is usually poor, leading to the formation of defects in the membrane.
Alternatively nanoparticles are encapsulated by polymer making them inaccessible to
solution passing through the membrane 96. The weak interaction between nanoparticles and
polymer matrix can also result in leaching of nanoparticles out of the membrane97. In order
to evenly distrobute nanoparticles throughout the memberane, therefore, it is desirable to
have nanoparticles uniformly dispersed in solvent and strongly interact with polymer. This
distribution of nanoparticles over the entire membrane further allows the particles to
contribute to surface properties and pore formation.
Graphene oxide (GO) has been used as a source material for membrane for both
water and gas phase separations

98-101

, but the size of GO is too large to modify pore

structure when dispersed in polymer-based membranes. GO derived nanostructures have
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been successfully integrated into mat materials to provide antibacterial properties102.
However, graphene oxide quantum dots (GQDs) are smaller in size (around 5 nm) while
retaining similar functional groups to GO. GQDs can be synthesized in several ways. One
common approach is the chemical oxidation of bulk carbon materials. The oxidative cutting
of bulk carbon materials generates nanographene sheets terminated with oxygen-rich
functional groups such as hydroxyl, carboxyl, and carbonyls103. The small size of GQDs
results in higher edge area, thus high functionality per the mass of particle. GQDs have a
size-dependent band gap due to strong quantum confinement and edge effects, excellent
thermal and chemical stabilities, and visible-light-induced photocatalytic activities.
Furthermore, GQDs are biocompatible and environmentally friendly

104, 105

. It has been

demonstrated that GQDs may improve membrane performance by unique capabilities such
as photo-activity and sensing. For example, a recent article reported that GQDs covalently
attached to the surface of a polyvinylidene fluoride (PVDF) membrane displayed
antimicrobial properties

106

. Incorporation of GQDs onto the surface of nanofiltration

membranes was also shown to improve hydrophilicity and reduce fouling 100. GQDs added
to an electrospun polyvinyl alcohol (PVA) membrane demonstrated the ability to detect
hydrogen peroxide and glucose 107.
The incorporation of GQDs into PVA membrane suggests that a strong hydrogen
bonding can be formed between GQDs and hydrophilic polymers containing hydroxyl
groups. However, PVA is a not suitable polymer for water-separation membrane as it is
water soluble. On the other hand, cellulose based materials have a long history of being
used for membranes and are stable in water. Cellulose is a well-known biopolymer rich of
hydroxyl groups

108, 109

. These hydroxyl groups in cellulose form strong hydrogen bonds
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with neighboring cellulose chains that are difficult to break. The inability of many
commercial solvents to disrupt these hydrogen bonds has limited the utility of cellulose as
a membrane material. Although N-methylmorpholine-N-oxide (NMMO) has been used as
a solvent to produce regenerated cellulose membranes, this process requires additional
chemicals added to the gelation bath

110, 111

. Ionic liquids, most notably 1-ethyl-3-

methylimidazolium, have been found to be effective at dissolving cellulose by disrupting
hydrogen bonding with applied heat

112-114

. Cellulose membranes for use in water

separations have been prepared via phase inversion using an ionic liquid as a solvent and
water as a non-solvent

115, 116

. These cellulose membranes have been studied for

nanofiltration of organic solvent solutions

117

. It was shown that the addition of acetone

into the casting solution was shown to have a profound effect on the permeance of ethanol
and rejection of organic dyes in solution as well as the surface chemistry of the membrane.
In this work, we seek to integrate GQDs with cellulose membranes to modify
membrane selectivity, permeability, and surface characteristics. Unlike conventional
approaches to forming mixed matrix membranes where particles are only dispersed through
physical blending, this work investigates the use of an ionic liquid which acts as a common
solvent for both cellulose and GQDs while creating unique membrane properties. GQDs
are bound into the cellulose domain through hydrogen bond networks and stable under
convective flow and shear stress. The hydrophilicity of GQDs drives them to the interface
between water and cellulose during phase inversion process. This rearrangement allows
GQDs to be utilized for enhanced hydrophilicity. A strong hydrogen bonding between
GQDs and cellulose was supported by increased viscosity of the casting solution.
Furthermore, the incorporation of GQD into the membrane was determined by UV-Vis
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absorption measurements. Surface characterizations showed enhanced negative surface
charge and hydrophilicity which suggest GQDs are present at the membrane surface. GQD
presence within the composite membranes was confirmed through confocal fluorescence
microscopy. The addition of GQDs led to notable increase in water permeability from the
control cellulose membranes and stability for various temperatures during water gelation.
While membranes made exclusively of GO have been shown to remove small organics,
they partially reject salt when the full permeation of salt may be desired. The GQD
cellulose membranes were shown to perform in the region between UF and NF, selectively
separating model dyes between 300 and 10,000 Da while allowing salt to completely
permeate through. Flux and dye rejection was shown to be stable during extended testing.
Furthermore, GQDs are shown to be retained within the membrane after convective flow
of water through the membrane.

5.2
5.2.1

Experimental Methods
5.2.1 Materials
1-ethyl-3-methylimidazolium acetate (EMIMAc, HPLC grade) was purchased

from Sigma Aldrich. Avicel® PH-101 microcrystalline cellulose (50µm, cotton linter
source) was purchased from Sigma Aldrich. Nonwoven polyester backing material from
Nanostone was used as a support for membrane formation. Blue dextran (MW: 5000 Da;
10,000 Da; 500,000 Da) were purchased from Sigma Aldrich for use in membrane pore
size characterization. Methylene Blue and Polyethylene Glycol 1000 Da from Sigma
Aldrich were used as model dyes to determine the correlation of membrane rejection with
molecular weight. Thionine Acetate(90%) was purchased from Sigma-Aldrich for dying
the membranes for confocal fluorescence microscopy.
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5.2.2

5.2.2 GQD Synthesis
Graphene quantum dots (GQDs) were prepared with carbon black (CB) precursor

(acetylene carbon black (STREM CHEMICALS)). First, 200 mg of CB were placed in a
three-neck round bottom flask. Then, 67 ml of conc: H2SO4 (Sigma-Aldrich, ACS reagent
95-98%) and 33 ml of HNO3 (Fisher Scientific, Assay-69.5%) solutions were added (2:1
volume ratio) to a round bottom flask containing CB. A thermometer was used to monitor
the temperature of the solution. After attaching a reflux condenser, the round bottom flask
was heated using a silicone oil bath at 105 °C for 5 hours to produce GQDs. Next, the
GQDs solution was cooled down to room temperature, and 300 ml of deionized (DI) water
was added. The solution was then placed in an ice bath and neutralized using KOH (VWR
analytical) pellets. The precipitated salts during the neutralization process were removed
by vacuum filtration using a filter paper (VWR,454). The remaining salts in the filtrate
containing GQDs were removed by dialysis (1 kD MWCO dialysis bag (Spectrum Labs))
for one week in DI water. Finally, solid GQDs were obtained by drying the solution at low
humid environment at 50 ºC under vacuum.
5.2.3

Cellulose membrane preparation
10 wt.% Avicel PH-101 microcrystalline cellulose was dissolved in 1-ethyl-3-

methylimidazolium using physical mixing for 5 minutes followed by 8 to 24 hours in a
sonication bath at 60 °C. The polyester support material was affixed to a glass plate using
tape. The casting solution of ionic liquid and cellulose was cast directly onto the polyester
backing using a doctor blade set to 150 μm. The polyester backing was then submerged in
a water or isopropanol gelation bath for 10 minutes to allow time for membrane formation.
The resulting membrane was stored in DI water at a temperature of 4°C until use. A
schematic of the process can be seen in Figure 5.1.
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5.2.4

GQD cellulose acetate membrane
Cellulose Acetate (CA) from Sigma Aldrich (Mn~ 50,000) was dissolved (17 wt%)

in a 6:1 acetone to water mixture to create a membrane casting solution. GQD were
dispersed (0.01 wt%) in a casting solution of the same composition.
5.2.5

GQD Cellulose membrane preparation
GQD cellulose composite membranes were prepared in the same manner as

cellulose membranes with one major difference. Graphene quantum dots are dissolved in
the ionic liquid prior to the dissolution of cellulose. The concentration of GQD used in the
casting solution used is 0.05 wt% unless otherwise stated. Membrane thickness, backing
material, and coagulation time were all the same as that of the unmodified cellulose
membrane preparation.

Figure 5.1. Schematic of dissolution of GQD and Cellulose in ionic liquid and
subsequent casting of GQD cellulose membrane.
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5.2.6

Casting Solution Viscosity
The viscosity of ionic liquid solutions of cellulose and GQD were measured

using a TA Instruments Discovery HR-3. Viscosity was measured at 25°C for shear rates
between 0 to 100 s-1 to discover how viscosity changes during the shear forces applied
when the membrane is cast. A cone and plate geometry was used, and care was taken to
remove any air bubbles from the viscous ionic liquid/cellulose solution.
5.2.7

Quantification of GQD loaded on the membrane
GQDs have a broad UV-Visible absorption ranging from 200 nm to 650 nm. The

amount of GQDs loaded into the membrane was determined by conducting UV-Visible
absorption measurements on a controlled volume of water nonsolvent bath used for the
phase inversion process. Equal ionic liquid concentrations were maintained in the casting
solutions to remove the interference from the background. Membranes were prepared using
130 mg of casting solution (10 wt% cellulose) in a 20 ml coagulation bath. Membrane
thickness (300 µm) was controlled by spin coating in a planetary mixer. Mass of GQDs in
the casting solution is 0.1042 mg. Membranes were left overnight in the coagulation bath
to complete the phase inversion process. Calibration standards for GQDs were prepared
using the solution obtained in coagulation bath after phase inversion of blank cellulose
membrane. Absorbance at 425 nm was used to determine the remaining amount of GQDs.
5.2.8

Zeta potential characterization
Zeta potential of cellulose and GQD cellulose membranes was measured by an

Anton Paar Surpass 1 electrokinetic analyzer. The adjustable gap cell was used with a
100µm gap and 0.01 M KCl electrolyte solution. Acid titration was done with 0.01 M HCl.
400 mBar pressure difference was used for all measurements.
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5.2.9

Contact angle characterization
The contact angle for deionized ultrafiltered water was measured using the Kruss

DSA 100. At least 5 spots per membrane sample were analyzed to correct for any variance
in surface morphology. Each membrane was rinsed in isopropyl alcohol (IPA), then
submerged in IPA for 30 minutes and allowed to air dry to prevent adhesion forces caused
by residual water at the membrane surface to reduce the contact angle.
5.2.10 Confocal Fluorescence Microscopy
In order to further quantify the presence of GQD, membranes were analyzed in the
Olympus FV1200. Before microscopy 50 mL of 10 mg/L thionin acetate dye solution was
passed through the membranes. After dye passage, 200 mL of Phosphate Buffer Solution
(pH ~ 7.4) was permeated through each membrane to remove any excess dye. This
procedure was performed for an unmodified cellulose membrane, for use as a blank, as
well as GQD Cellulose membranes prepared with both water and IPA. The surface of each
membrane was analyzed at 4x zoom to obtain an overall map of fluorescence on the
membrane surface. The excitation wavelength used was 488 nm. Two areas of the emission
spectra were analyzed: 525-535 nm which corresponds to GQD fluorescence and 580-590
nm, which corresponds to any adsorbed thionin acetate dye.
5.2.11 Determination of Membrane Morphology
For SEM characterization, a sample was prepared by freeze-drying and cryocracking for both the cellulose-only and GQD-cellulose composite membrane. SEM
images were acquired using the Hitachi 4300 SEM. To further investigate the cross-section
of the membrane, ion beam of the FEI Helios Nanolab Dual beam was used to cut out a
small piece of the membrane. A small deposit of platinum (~60 nm thick) was first
deposited over the area to protect the underlying surface while the ion beam is cutting a
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cross section. A small cross section was cut out and lifted away from the rest of the sample
by welding a small bead of platinum to the platinum layer. This sample was then thinned
out with a low power ion beam until the morphology of the mesoporous layer was visible
using STEM mode in the Dual Beam. This sample was transferred into the JEOL 2010F
for TEM imaging of the cross-section. Further analysis using XRD was performed to
determine crystalline structure of the membrane after phase inversion.
5.2.12 Membrane Performance
Membrane performance was characterized by using the Sterlitech HP4750 stirred
cell to perform convective studies. Water permeability was determined for each membrane
by measuring the volumetric flux of DIUF at 1.4, 2.76, and 4.14 bar respectively.
Methylene blue (5 mg/L), as well as various molecular weights (5kDa, 10kDa, and 50kDa
at concentrations of 100 mg/L) of Blue Dextran, were filtered through the membrane. The
permeate was collected and dye concentration for the feed, permeate, and remaining
retentate was analyzed using the VWR UV-6300PC Spectrophotometer. Long term
separation studies were conducted using the Sterlitech HP4750 cell by allowing convective
flow for 1-hour intervals @1.4 bar, analyzing the permeate and retentate , then returning
both solutions to the feed in the stirred membrane cell.
5.2.13 GQD Leaching in GQD cellulose membranes
GQD leaching in membranes was studied by collection DIUF water permeate in
5mL intervals immediately after membrane formation and washing. UV-Vis was utilized
to determined absorbance characteristic for both ionic liquid and GQD in the permeate.
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5.2.14 XRD characterization of microcrystalline cellulose and composite
membranes
Powder XRD measurements were performed to obtain information regarding
changes in crystallinity during the formation of the membrane. Before the XRD analysis,
blank cellulose membrane and GQD-cellulose membranes were freeze dried and ground to
a fine powder. Avicel PH-101 Microcrystalline cellulose powder was used as the standard.

5.3
5.3.1

Results and Discussion
GQD Characterization
The chemical structure of GQD will strongly influence the nature and functionality

of the product. A hypothetical structure of a GQD is shown in Figure 5.2. The abundance
of oxygenated chemical groups in GQDs comes from the chemical oxidation process used
for the synthesis of GQDs. The abundant oxygenated functional groups and their
electrostatic charges make GQDs readily soluble in both water and ionic liquid, as can be
seen in Figure 5.3.
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Figure 5.2. Typical Structure and Functional Groups of GQDs.
The UV-Visible absorption spectrum of a GQD suspension is shown in Figure 5.4.
High energy absorbance of GQD can be assigned to the π → π* transition in the sp2
domains. The nonbonding electrons present in the GQDs correspond to oxygen functional
groups such as C=O or C-O yield n → π* transitions.118
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a)

b)

c)

a)

b)

c)

Figure 5.3. Solutions a) 2 mg/ml GQD, b) 1-Ethyl-3-Methylimadazolium Acetate c) 2
mg/ml GQD in 1-Ethyl-3-Methylimadazolium Acetate under visible and short-wave
UV light. As can be seen the GQD are readily soluble in water and ionic liquid,
fluorescing under excitation with UV light.

Figure 5.4: UV-Visible absorption spectrum of a GQD suspension
Figure 5.4 shows high-resolution TEM images and FT-IR spectrum of GQDs. As shown
in the size distribution histogram of GQDs (right-inset of the figure), the average diameter
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of GQD is about 4.8nm. Inset on the left side of the image shows a TEM image of GQDs
and reveals the lattice fringes with the spacing of 0.23 nm. This lattice fringe is consistent
with graphene oxide. The size of GQDs ranges from 3-7 nm with the average size of 4.8

Intensity

nm.

3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0
Diameter(nm)

Figure 5.5 TEM image of GQDs, HRTEM of a GQD (top left and bottom), GQD size
distribution histogram (top right), and IR (bottom inset).
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FT-IR spectrum showed the presence of surface functional groups of GQDs. Figure 5.5
shows the characteristic band of C=O/O−C=O stretching around 1700 cm-1, the vibration
band of benzene C=C ring skeletal around 1582 cm-1 and the broad peak of O-H vibrations
from alcohols and carboxylic acid groups around 2500 cm-1 to 3500 cm-1. The results of
TEM, UV-Vis, XPS and FT-IR characterizations indicate that GQD consists of a sp2 basal
plane with various oxygenated functional groups. T XPS was performed to analyze the
elemental composition and functional groups of GQD, seen in Figure 5.6. Due to chemical
oxidation, GQDs contain several oxygen species. High-resolution C1s spectrum indicates
that GQDs mainly consist of -COOH, -C=O and C-OH functional groups.

(a)

(b)

Figure 5.6: XPS spectrum of GQD (a) Survey spectrum. (b) C1s spectrum.
5.3.2

Interaction between Cellulose and GQD in Ionic Liquid

The viscosity of the casting solution is an important factor in the successful casting of phase
inversion membranes. The viscosity of the ionic liquid increases from 0.1 Pa*s (the ionic
liquid viscosity) to 20 Pa*s, after the dissolution of 10 wt% cellulose. The hydrogen
bonding network of the cellulose is rearranged when the casting solution is heated to
dissolve the cellulose. The hydrogen bonding domain of the cellulose is penetrated by the
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ionic liquid. The viscosity observed for 10 wt. % Avicel PH101 in EMIMAc was
comparable to that reported in literature

119

. As observed by Sescousse et al. the co-

presence of the ionic liquid in the hydrogen bonding network of cellulose may increase the
distance between cellulose chains, reducing the interaction between chains due to hydrogen
bonds. The increased distance between cellulose chains results in lower hydrogen bonding
force

and

reduced

viscosity

of

the

cellulose-ionic

liquid

solution120.

The viscosity of 10 wt% cellulose in ionic liquid with different concentrations of GQD can
be seen in Figure 5.7. The addition of only 0.05 wt% GQD into the ionic liquid prior to the
dissolution of cellulose resulted in much higher casting solution viscosity. The volume
occupied by GQDs had a negligible impact on the casting solution viscosity. The higher
viscosity was mainly attributed to intermolecular forces between GQD and cellulose. It is
presumed that GQDs are located between the chains of cellulose in the casting solution.
Cellulose chains are tethered with hydroxyl and carboxyl groups of GQDs through
hydrogen bonding interactions. As expected, the viscosity decreased significantly when a
lower concentration of GQD was added to solution.
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Figure 5.7 Viscosity vs Shear Rate (1/s) for dope solutions (10 wt% Avicel PH-101 in
1-ethyl-3-methylimidazoliumacetate) with 0, 0.025, and 0.05 wt% of GQD added.
Known viscosity denoted by dotted line. Average viscosity of 1-ethyl-3methylimidazoliumacetate solvent was 0.098 Pa s.
The viscosity of the GQD-cellulose-ionic liquid solutions decreased substantially as a
function of shear rate. The aspect ratio of graphene quantum dots and the functional groups
capable of hydrogen bonding around the edge of the GQDs may allow for hydrogen bond
network to reconfigure itself under shear stress, resulting in less tethering of cellulose
chains

as

more

stress
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is

applied.

To avoid the aggregation of GQD, a common solvent between the polymer and
GQD must be used. Certainly, CA or other hydrophilic polymers could be used. Thus 1ethyl-3-methylimidazoliumacetate was used as a common solvent. Membranes have been
successfully created by phase inversion of a casting solution containing cellulose acetate
dissolved in ionic liquid121. Cellulose is also soluble in the ionic liquid and has many
favorable properties including additional hydroxyl groups and solvent resistant properties.
As GQDs integrate into the polymer domain via hydrogen bonding and are also solvent
resistant, GQDs and cellulose are complementary materials as both have the extensive
capability for hydrogen bonding and are solvent resistant.
5.3.3

Leaching of GQD during Phase Inversion
The strong hydrogen bonding network between cellulose is reformed as the casting

solution is submerged in the water gelation bath. A trace amount of ionic liquid was present
in the membrane after phase inversion. Significantly, more ionic liquid was detected in the
membrane when IPA was used as the nonsolvent in the gelation bath. Thus, ionic liquid
concentration correlated to the rate of diffusion into the nonsolvent. The rate of diffusion
of phase inversion of a similar ionic liquid, [EMIM]SCN, was shown to be significantly
slower in an IPA gelation bath as compared to water 122. Most importantly, the amount of
trace ionic liquid in the GQD cellulose membrane was comparable to that seen in the blank
cellulose membrane. Therefore, any differences in membrane surface properties should not
be caused by ionic liquid concentration.

The loss of GQD from diffusion into the water gelation bath during phase inversion
is a reasonable assumption, as GQDs are readily water-soluble. Phase inversion was done
in a series of 20 mL scintillation vials, to quantify the loss of GQD from diffusion, and
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determine the concentration of GQDs in the membrane. The absorbance at a wavelength
of 425 nm was observed to be linear with GQD concentration in the water nonsolvent and
unchanged by the presence of ionic liquid. The calibration curve of absorbance vs. GQD
concentration can be seen in Figure 5.8. It was determined from a mass balance that 55%
of the GQDs dispersed in the casting solution diffuse into the nonsolvent. Thus, it is
reasoned that 45% of the GQDs remain, making up 0.2 wt% of the membrane, excluding
the mass of the absorbed water in the membrane.

Figure 5.8 : (Left) Absorbance vs. Wavelength for GQD calibration solutions with
ionic liquid background. (Right) Calibration curve of absorbance vs. concentration
verifying linear behavior.
The concentration of GQD in the gelation bath after controlled phase inversion.
Using a mass balance and the initial concentration of GQDs in the casting solution, about
45% of GQDs in the casting solution are incorporated in to the cellulose membrane during
the phase inversion process. The determined concentration of GQD in the dry membrane
is 0.2 wt%.
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The GQDs remaining in the membrane were assumed to be in the hydrogen bond
network of the cellulose membrane. Disruption of the hydrogen bonding structure of the
microcrystalline cellulose was observed when the XRD pattern of the membrane after
phase inversion was compared to the original Avicel PH-101 powder. Figure 5.9 shows the
XRD patterns obtained for standard, blank membrane and GQD incorporated membrane.
After formation of the membrane, the intensity of the characteristic peak ((200) plane) is
significantly reduced and became wider, demonstrating the formation of amorphous
regions. No significant differences were noted between blank cellulose membrane and
GQD-cellulose membrane. This result indicates incorporation of GQDs does not induce
crystallization in cellulose membrane. However, slight high XRD intensity of GQDCellulose membrane over blank cellulose membrane is between 20°-30° may be due to the
presence of GQDs because GQDs have a characteristic XRD peak at 2Ɵ = 25° due to (002)
carbon-to-carbon spacing.123

Figure 5.9. XRD analysis of the Cellulose and GQD Cellulose Membrane as compared
to the Avicel – PH 101 powder.
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5.3.4

Morphology of GQD-Cellulose Composite Membrane

The morphologies of cellulose-based membrane and GQD-cellulose composite membrane
were characterized by scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). The resultant images are shown in Figure 5.10. The presence of GQD
appeared to create a more open structure compared to the dense structure of the unmodified
cellulose membranes. The GQD cellulose membrane has an asymmetric structure. Note
that the topmost layer was platinum deposited on the membrane surface to protect the
morphology during ion beam milling. The dense selective layer appears to only make up
the top ~120 nm of the membrane the membrane surface. The top 2 microns were
composed of a mesoporous region with voids between 7-40 nm in diameter. The remainder
of the membrane material appears to be very open with an apparent shelf-like structure that
is not expected to contribute any significant resistance to fluid flow. The unmodified
cellulose membrane was observed dense throughout the entire cross-section. Furthermore,
TEM image of the selective and mesoporous layer of the GQD cellulose membrane can be
seen in Figure 5.11
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Figure 5.10 a) SEM cross-section of unmodified cellulose membrane. b) SEM crosssection of GQD cellulose membrane. c) STEM cross-section of GQD cellulose
membrane.
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Figure 5.11 TEM Cross-section of GQD/Cellulose with the relevant regions marked.
GQDs were detected during characterization and it is beyond the resolution of SEM topview and cross-sectional images because of the small size of GQDs and the similar contrast
between GQD and cellulose. Large aggregations of GQD should not be present, as they are
well dispersed by hydrogen bonding network between GQD and cellulose.
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5.3.5

ATR-FTIR characterization of membrane post phase inversion

ATR-FTIR Spectroscopy was perfomed on the umodified and GQD cellulose membranes.
For the GQD Cellulose membrane the membrane was analyzed after gelation in both IPA
and water to determine the role gelation solution plays in GQD concentration. Due to the
low concentrations througout the bulk, no peaks specific to GQD were able to be seen.
However the –C=N stretch of the ionic liquid can be seen clearly in all membranes after
phase inverson to various degrees. This indicates that some residual ionic liquid remains
in the membranes after phase inversion. The membrane cast using IPA has a higher
concentration of redsidual ionic liquid. Furthermore, it can be reasoned dissolution in the
ionic liquid did not break down or otherwise alter the cellulose structure as significant C=O
carboxyl groups are not evident in the amorphous cellulose membranes. These results can
be seen in Figure 5.12.
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Figure 5.12: FT-IR analysis of membranes and precursor materials
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5.3.6

Membrane Surface Properties
Surface characterizations were carried out to probe the presence of GQDs on the

surface property of membrane and to explore the impact of GQDs. By measuring zeta
potential, surface properties of the GQD-cellulose composite membrane were compared
with that of cellulose membrane. The Helmholtz-Smoluchowski equation can be used to
determine zeta potential of a membrane by measuring streaming current over a range of
pressure drop across a thin channel made by two samples of membrane 124.
Zeta potential of the cellulose and GQD-cellulose membranes at pH of 3-7 is shown
in Figure 5.13. Unmodified cellulose membrane revealed slightly acidic behavior.
Literature shows cellulosic materials, and cotton materials such as cloth or medical gauze
to have a slightly negative surface charge

125-127

. Therefore, the negative charge of the

unmodified cellulose membrane is expected throughout this pH range. Adsorption of
hydrogen ions at low pH might be responsible for the linear change in surface charge as
pH is changed. Residual acetate ions from the ionic liquid may also contribute to the
negative surface charge. However, the surface charge of the GQD-cellulose membrane was
found to be significantly more negative than the unmodified membrane above the pH of 4.
This increase in negative surface charge originates from the carboxyl groups present in
GQDs other than residual acetate from the presence of any residual ionic liquid, which is
shown to be the same for both membranes. The additional charge shift occurs within the
pKa range of carboxylic groups 128, 129. Therefore, it is reasonable that the GQDs are present
at the membrane surface and contribute to the negative charge of surface. Each pH value
was tested after at least 3 minutes of rinsing at the experimental shear rate with the
electrolyte solution. Since zeta potential only became more positive with the lowering of
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pH, it can be reasoned that GQDs on the surface are stable when the membrane is exposed
to high shear conditions.

Figure 5.13 Zeta Potential of Unmodified Cellulose and GQD Cellulose membranes.
[KCl]=.01M. Flow channel thickness 100 µm. Pressure range 0-400 mbar.
The zeta potential analysis strongly suggests that GQDs are present on the
membrane surface. It is possible that charge from GQD within the membrane could also
affect the zeta potential value

130

. The GQD cellulose membrane was shown to have an

open structure which could be accessible to electrolyte during streaming potential analysis.
Thus, water contact angle was measured to further verify the presence of GQD on the
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membrane surface. The contact angle of water was studied for both the unmodified
cellulose membrane and the GQD cellulose membrane. A third GQD cellulose membrane
was prepared with IPA as the nonsolvent for use as a control case, as GQDs are not soluble
in IPA and must remain in the membrane during phase inversion. . It is expected that the
difference in hydrophilicity observed for GQD cellulose membranes prepared using an IPA
coagulation bath is primarily due to the increased GQD concentration within the
membrane. Excess ionic liquid observed in IR (IR penetrates a few micrometers into the
membrane) should not be present at the surface after washing the membrane unless
imidazolium is adsorbed to GQD on the membrane surface (in which case this is directly
dependent on increased GQD concentration). The contact angle and weight fraction within
the membrane are shown in Figure 5.14.
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Figure 5.14. Contact angle of water (bars, left axis) and wt % GQD (diamonds, right
axis) for the unmodified cellulose membrane and GQD cellulose hybrid membranes
prepared using water and IPA gelation bath, respectively. All membranes soaked in
IPA and air dried before testing.
The water contact angle of the cellulose membrane was significantly reduced by
modification with GQD

100

. The contact angle that was experimentally observed for

unmodified cellulose membrane corresponds to the contact angle reported for Avicel PH101 microcrystalline cellulose 131, 132. The contact angle of water was observed to decrease
with increasing dose of GQD within the membrane. This is attributable to the functional
groups present in GQD such as carboxylic and hydroxyl. The addition of GQD makes
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membrane more hydrophilic. Overall, the results of zeta potential and contact angle
measurements provide compelling evidences that GQD are present on the membrane
surface. Therefore, it is shown that the integration of GQD into the cellulose domain results
in membranes with modified surface properties.

Confocal fluorescence microscopy was also used to determine presence of GQD at
the surface of the GQD cellulose membranes. GQDs are highly fluorescent in nature, but
this fluorescence can potentially be quenched in a constrained domain

133

. Therefore,

thionin acetate, a positively charged dye, was convectively passed through to adsorb to
carboxyl groups of GQDs, which should only be present in GQD within the membrane.
This procedure was performed for GQD cellulose membranes made using water and IPA
coagulation baths. An unmodified cellulose membrane was also prepared using a water
coagulation bath as the control. These membranes were rinsed of any excess dye through
passage of PBS buffer (pH~ 7.4). Both presence of GQD and thionin acetate were able to
be probed at the membrane surface.

The confocal images in Figure 5.15, confirm that GQD are indeed present in GQD
cellulose membranes as indicated by the higher color intensity. It can be seen that there is
no dye present in the unmodified cellulose membrane and only background fluorescence
between 525-535 nm. Furthermore, GQD cellulose membranes prepared with an IPA
coagulation bath were observed to have higher fluorescence at the emission wavelengths
associated with GQD. This data agrees with the contact angle data and the fact that all
GQD must remain in the membrane when using an IPA coagulation bath. Furthermore, the
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presence of GQD and adsorbed thionin acetate dye suggests leaching during the passage
of PBS buffer to be minimal. GQD solubility within the EMIMAc solvent and hydrogen
bonding with cellulose seems to play a critical role in maintaining dispersion and retention
of GQDs in the membrane. As seen in Figure 5.16, GQDs were able to be dispersed into a
6:1:1.4 mass ratio of acetone, water, and cellulose acetate, but aggregation was observed
in the CA membrane. Cellulose acetate contains less carboxyl groups than what is found
in cellulose, but more importantly lack of interaction between acetone and GQDs leads to
aggregation within the casting solution and thus inevitably in the membrane. Dark spots
beneath the surface may correspond to GQD further below the surface that are unable to
be excited.
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Figure 5.15. Confocal Microscopy of Membranes: A) Unmodified Cellulose. B)
GQD Cellulose Water C) GQD Cellulose IPA at an excitation wavelength of 488 nm.
Two regions of emission wavelengths were analyzed: 1) GQD fluorescence at 525-535.
nm 2) Fluorescence of thionin acetate at 580-590 nm. Images magnified 3x. The dark
spots are macrovoids in the membrane structure below the surface. The intensity
increase from A to C corresponds to higher GQD loading.
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Figure 5.16. Top left insert. a) 17 wt% Cellulose Acetate, 12 wt% water, 71 wt%
acetone casting solution. b) Casting solution a) with .01 wt% GQD added. Bottom left
insert. Resulting membranes made with solution a) and b). Right figure. Fluorescence
microscopy (100x) of GQD cellulose membrane using 440nm light source.
5.3.7

Water Permeability

The morphology of the GQD Cellulose membrane cross-section suggests an open structure
with a thin selective layer of just around 100 nm. An open structure throughout the bulk of
the membrane should allow the membrane to be more permeable to water, as there is less
resistance to flow throughout the depth of the membrane. Therefore, it is expected that the
GQD cellulose membranes will maintain higher water permeability than the unmodified
cellulose membrane at the tested pressures. The volumetric water flux as a function of
pressure is shown in Figure 5.17. The flux behavior can generally be approximated as linear
as pressure. However, with these cellulose based membranes compression at higher
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operating pressures may cause the deviation in linear behavior. The membrane relaxes after
pressure is reduced and the membrane is not permanently compressed.
∆P is the pressure applied across the membrane and ∆П is the osmotic pressure
difference between feed and permeate. The, water permeability, A, is simply the slope of
the volumetric flux vs. pressure in this scenario as osmotic pressure is negligible in the case
of DIUF water. The nonlinear behavior of the flux at higher pressures is a result of the
membrane compacting further as pressure is increased, creating a less permeable structure.

Figure 5.17. Volumetric Water Flux vs Pressure for GQD cellulose membrane as
compared to unmodified cellulose membrane.
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Water permeability of the GQD-cellulose membrane was nearly double the
unmodified cellulose membrane using the same gelation bath temperature. The
temperature of the gelation bath can be lowered to decrease pore size and create a tighter
membrane. The volumetric water flux of the GQD-cellulose membrane prepared in a 4°C
bath was slightly above that of unmodified cellulose membrane at 25°C. It is interesting to
note that the permeability of the unmodified membrane prepared in a 4°C bath was higher
than the same membrane produced in a 25°C bath. This result is opposite of what might be
expected due to defects from early crystallization of cellulose at the lower temperature.
The water permeability of 12.8 LMH/bar, was comparable to that previously observed for
various commercial NF membranes, including DOW NF270 membrane, a membrane
commonly used to remove dyes and divalent ions

88

. Variations in thickness between

membranes can result in different permeability. This variation appears to be greater at
higher pressure, where greater compaction of the membrane happens.
GQD cellulose membrane permeability showed only 7% average variation over 4
hours of permeation of DIUF water and dye solution at 1.4 bar. This long-term flux
behavior can be seen in Figure 5.22. No fouling was observed to occur from the 5kDa blue
dextran being permeated through the membrane.
5.3.8 Rejection of Model Dye
Model dye solutions were passed through the membrane to determine pore size of
the selective layer of the membrane, and demonstrate the membrane ability to selectively
reject small molecules between 300 to 5000 Da. The rejection of model dye was measured
using UV Vis. Larger dyes, namely 10,000 Da and 500,000 Da blue dextran, were tested
to determine if there were any larger pores or defects in the membrane. DIUF water was
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passed through the membranes before testing rejection, therefore if any GQD leaching were
to occur, it would have occurred before rejection was tested. The rejection behavior can be
seen in Figure 5.18. Rejection of NaSO4 (100 mg/L solution) for all membranes was tested
and determined to be insignificant. The difference in rejection of 5000 Da blue dextran
between the GQD cellulose and unmodified cellulose membranes cast at 25°C is within
the margin of error for the experiment. The GQD cellulose membrane was far more
permeable than the unmodified membrane, but the rejection of blue dextran was observed
to level off at MW of 5000 Da. Thus at 25°C presence of GQD contributed to more open
membrane structure with greater pore size and presence of pores large enough to enable
some passage of 500 kDa blue dextran. The rejection of methylene blue was 0% as
compared to 33.4% for the unmodified membrane. The significance of the larger pore size
depends on what molecules are to be targeted for rejection, and what other molecules are
present in the feed water to be passed through the membrane. The membrane is highly
selective for rejecting larger molecules around 5000 Da over smaller molecules and salts.
However, the separation of molecules of MW larger than 5000 is less efficient due to the
plateauing of rejection. GQD Cellulose membrane rejection was observed to remain stable
even after 3 hours of permeation, as seen in Figure 5.23.
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Figure 5.18. Rejection of model solute through selected membranes. Experiments
performed @ 1.37 bar using Blue Dextran (1000 ppm) and Methylene Blue
While there are many parameters that effect membrane pore size, adjusting
membrane temperature during phase inversion can result in a tighter membrane structure
134

. Reducing temperature in the unmodified cellulose casting solution repeatedly resulted

in a defects in the membrane surface. These defects were observed by abnormally high
volumetric flux, as mentioned previously, and retention of any of the model dye solution
was negligible. GQD presence was observed to prevent these defects. Lowering phase
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inversion temperature to 4°C when GQDs were present in the casting solution resulted in
a successful membrane, and better rejection of smaller molecules. Rejection of methylene
blue increased to 80%, and rejection of 5000 Da blue dextran is 95.9% for the GQD
cellulose membrane cast at lower temperatures. Dye sorption did not play a major role in
methylene blue rejection. More details regarding dye sorption are found in Figure 5.21. As
the rejection of 500,000 Da blue dextran was over 99%, defects in the selective layer were
also reduced. The presence of GQD should serve to tether the cellulose and prevent
premature gel formation that may cause defects seen in a cold gelation bath for the
cellulose-ionic liquid solution. The GQD cellulose membrane made using a cold gelation
bath is an excellent candidate for selectively removing high-value molecules from smaller
byproducts such as salts, which were observed to pass through the membrane.

Table 5.1 summarizes the performances of the membranes tested in this work in
comparison with other cellulose membranes in literature made using an ionic liquid casting
solution.
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Table 5.1- Cellulose Ionic Liquid Membrane Performance
Wt%

Gelation

Membrane

Pure Water MWC

Wt%

Wt%

EMIMA

Temp

Thickness

Permeability

O

Cellulose

GQD

c

(°C)

(μm)

(LMH/bar)

(kDa)

10

0

90

25

150

9.6

500*

10

0.05

90

25

150

20

>500*

10

0.05

90

4

150

12.8

5*

5

0

95

23

3.5

11.4

46

[27]**

10

0

90

23

6.8

1.2

5

Durmaz 1135**

8

0

92

25

250

~20

20*

Membrane
Unmodified
Cellulose
GQD Cellulose
GQD Cellulose
Cold
Livazovic
5%115**
Livazovic 10%

* MWCO obtained by taking lowest MW compound rejected above 90%
** Membranes from other authors’ work cited in brackets.

This information seen in Table 5.1 seems to indicate that permeability of cellulose
membranes is not dependent on membrane thickness. Furthermore, MWCO seems to vary,
but higher wt% of cellulose is expected to reduce the MWCO of the membrane.
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5.3.8 GQD Retention Post-Coagulation
Previously discussed experiments provide evidence against significant long-term
leaching of GQD from the membrane. GQD cellulose membrane charge was not observed
to diminish over time during zeta potential measurement in the electrokinetic analyzer.
Therefor no GQDs were observed to leach after continuous exposure to high shear flow
across the membrane surface and through the membrane cross-section. Additionally,
GQDs were still found to be present in confocal fluorescence imaging in GQD cellulose
membranes after convective passage of 50 mL of dye solution and over 200 mL of PBS
buffer solution. Short term leaching was studied by permeating a small volume water
through a newly cast membrane following 30 min of coagulation in a water bath. Observing
the UV absorbance of the first 10mL permeated out of the membrane, can be seen in Figure
5.19.
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Figure 5.19 UV-Vis absorbance of permeate solution through the GQD cellulose
membrane (25ºC water gelation) 10mL of DIUF permeated through the membrane
at 1.4 bar. Figure insert: UV-Vis absorbance of known concentrations of GQD in
DIUF and EMIMAc in DIUF respectively.
The UV absorbance around 300 nm was only seen to be 3.3% of the GQD standard
solution. The standard solution concentration for GQD was carefully chosen to represent
complete leaching of all GQD in the first 5mL of DIUF water permeated. The peak in
absorbance of the permeate at 300nm seems to indicate the presence of EMIMAc presence
rather than GQD as seen by the peak in absorbance for the ionic liquid standard in the
figure insert. Figure 5.20 shows that initial permeation results in passage of ionic liquid
retained in the membrane during coagulation, which quickly stabilized toward an average
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baseline absorbance of 0.01. Therefore, no significant leaching of GQD is expected in both
short-term and long-term membrane use.

0.035
0.03

Absorbance

0.025
0.02
0.015
0.01
0.005
0

0

10

20
30
40
Volume Permeated (mL)

50

60

Figure 5.20 Measurement of ionic liquid absorbance at 300 nm vs. volume permeated
through GQD cellulose membrane (25°C water gelation). Pressure 1.4 bar.

5.3.9

Methylene Sorption in Membranes
In convective flow experiments, the volume collected was relatively small

compared to the 300 mL loaded into the pressure cell. Therefore, retentate absorbance was
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not found to vary significantly from the feed absorbance for methylene blue. Therefore, a
separate sorption study was required. Unmodified cellulose and GQD cellulose membranes
(16 cm2 of each) were placed into 20mL of 10 mg/L methylene blue solution. The
membranes were left on a shaker for 24 hours to allow adequate time for sorption. Though
the surface layer is dense, the backside and cross section of the membrane are more open
and should be accessible for methylene blue to adsorb to the surface of the cellulose.
Analysis of the methylene blue solution before and after sorption suggested some
possibility for sorption of methylene blue into the membranes. UV-Vis studies suggest
cellulose membrane adsorbed 150 μg of methylene blue and the GQD cellulose adsorbed
160 μg. This can be seen in Table 5.2.
Table 5.2- Methylene Blue Sorption in Membranes
Membrane
Solution
Concentration % Absorbed
after Sorption (mg/L)
Unmodified Cellulose

7.65

23.5%

GQD Cellulose

8.30

17.0%

However, after just 30 min of rinsing in water the membranes had lost all blue color,
which suggest there is no strong adsorption within the membrane, but perhaps partitioning
effects. As shown in Figure 5.21, the only membrane to retain color after rinsing is the
GQD cellulose membrane that has had blue dextran convectively passed through it. This
effect is also to be expected for methylene blue. This data suggests that accessibility of the
membrane pore network is not a major factor in dye sorption, but rather pressure assisted
flow of dyes, lead to physical entrapment within the membranes pores and surface
adsorption.
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Figure 5.21 Unmodified Cellulose (A) and GQD Cellulose (B) membranes after
soaking in 10 mg/L methylene blue solution for 24 hours and being rinsed for 30 min.
GQD cellulose membrane (C) after passage of 300 mL of 100 mg/L 5kDa Blue
Dextran solution included as reference.
5.3.10 Long Term Study
To test GQD cellulose (25°C water gelation) membrane stability over long term
operation a convective flow test of 4 hours was set up. During the first hour DIUF was
passed through the membrane to ensure stabilized volumetric flux. Precompaction occurs
during this step. After DIUF passage, 1000 mg/L 5 kDa Blue Dextran was passed through
the membrane over the course of 4 separate tests. The water flux of the membrane was
stable over the course of testing as can be seen in Figure 5.22.
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Figure 5.22 Long term study of water flux through GQD cellulose membrane (25°C
water gelation) at an operating pressure of 1.38 bar.
The permeate was analyzed at the end of each permeation cycle of blue dextran. Using
UV-Vis the rejection could be calculated for each cycle. The stability of Blue Dextran
rejection can be seen in Figure 5.23.
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Figure 5.23 Rejection of 5kDa Blue Dextran by GQD cellulose (25°C Water Gelation)
during long-term permeation study.
Neither permeability nor rejection significantly degrade during the duration of
testing. Therefore, the GQD Cellulose membrane is shown to be stable over longer periods
of operation. This behavior should be similar for all membranes studied in this experiment.

5.4

Conclusion

This work demonstrates the fabrication of a composite membrane of GQD and cellulose
where GQDs are homogeneously incorporated into a cellulose membrane network through
a strong hydrogen bonding using a common ionic liquid. The incorporation of GQDs has
a profound impact on the membrane structure and performance. GQDs formed strong
interactions with the dissolved cellulose in the membrane casting solutions, as indicated by
the greatly increased viscosity. The quantity of GQD concentration in the water nonsolvent
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during phase inversion indicated that 45% (0.2 wt% of the membrane) of the GQD
remained in the membrane domain after phase inversion. GQDs were determined to be
present on the surface while making the membrane negatively charged and more
hydrophilic. Thus, it can be inferred that the unique properties of GQD can be used during
water separation, as the GQD are accessible to the solution being passed through the
membrane. GQDs were shown to act as pore formers, as GQD cellulose membranes were
observed to have a much more open structure, indicated by cross-sectional imaging and the
higher water permeability. GQDs prevented crystallization of cellulose upon immersion
low-temperature gelation baths, which resulted in defects in the control membrane.
Therefore, gelation temperature of the GQD cellulose membrane can be modified to tune
rejection of small molecules. There was no evidence of GQD leaching during convective
flow of water through the membrane. Strong interaction of GQD with cellulose hydroxyl
groups ensures membrane stability and consistent performance overextended time.
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CHAPTER 6. FURTHER ADVANCEMENTS IN CELLULOSE COMPOSITE
MEMBRANES AND LIGNIN FUNCTIONALIZED NANOFILTRATION
MEMBRANES
6.1

Introduction
Cellulose is the most abundant biopolymer on the earth. In plants cellulose makes up

most of the cell wall, providing structural support. Cellulose within the cell wall of plants
arranges itself in a mesoporous structure to sterically prevent enzymatic decomposition136.
The use as a membrane-like material arguably began when humans first began making
textiles out of cotton and flax. Cellulose remains an effective material for physical sizebased separations of particulates137. Beyond particle separation, the polymer network of
cellulose materials has been investigated for separations of smaller organic molecules.
Transport of solutes through cellulose membranes has long since been of interest in the
scientific community. Dating back to the 1950s high class studies of hindered diffusion of
small organic molecules in aqueous solution through cellulose materials such as cellophane
and sausage casings were studied50. Cellulose derived polymers such as cellulose acetate
have been widely used for membrane making, but the modification required to enhance
solubility in commercial solvents reduces robustness of membrane for filtration of organic
solvents138.
The strong hydrogen bonding in cellulose poses challenges for dissolution and
materials

processing.

Regeneration

of

cellulose

with

solvents

such

as

N-

methylmorpholine-N-oxide or basic conditions is being implemented to create selective
membranes111, 139, 140. Ionic liquids are being investigated as a new solvent for regeneration
of cellulose for membrane synthesis141, 142. Membranes utilizing ionic liquid as a solvent
show performance in the ultrafiltration to nanofiltration. This same ionic liquid approach
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was used to spin cellulose hollow fibers143. Cellulose membranes prepared using ionic
liquid have been shown to be highly selective for particular dyes, rejecting 94% of
Bromothymol Blue117.
Addition of composite materials such as graphene into cellulose is one approach to
create new materials for energy and separation applications144-146. By tuning the polymer
chemistry in membranes, creation of highly selective membrane structures can be designed.
Block copolymers alternate hydrophilic and hydrophobic structures to create finely tuned
pores due to polymer chain alignment147. Instead of using polymer chemistry to create
negative space or pores of precise size, composite materials can hydrogen bond within
polymer networks, such as that of cellulose to make the polymer layers more selective.
The objective in this work was to further expand on our previous research studying
cellulose GOQD membranes into other composite materials to further improve membrane
performance and demonstrate flexibility of this technique for membrane development. Iron
(III), polyacrylic acid, and lignin sulfonate were all investigated as composite materials for
integration within the cellulose membrane domain. Membrane permeability and selectivity
was studied for each composite type, along with useful properties unique to each composite
material. These properties include antibacterial behavior and solvent dependent tunability
of permeability and selectivity.

6.2
6.2.1

Experimental
Materials
1-ethyl-3-methylimidazolium acetate (EMIMAc, HPLC grade) was purchased

from Sigma Aldrich. Avicel® PH-101 microcrystalline cellulose (50µm, cotton linter
source) was purchased from Sigma Aldrich. Nonwoven polyester backing material from
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Nanostone was used as a support for membrane formation. Blue dextran (MW: 5000 Da;
10,000 Da) were purchased from Sigma Aldrich for use in membrane pore size
characterization. Solutes used in selectivity studies can be seen in Table 6.1. Methylene
Blue and Neutral Red (Sigma Aldrich) were used as model dies to study rejection of
molecules <1000 Da. A β-O-4 Model Dimer provided by Dr. Mark Crocker’s lab in the
Center for Applied Energy Research. Ferric Iron Chloride (Fisher) was used as an Iron (III)
source in composite membrane synthesis. Lignosulfonic Acid Sodium Salt was purchased
from Beantown Chemical LLC. as a lignin sulfonate source.
Table 6.1 Solute dyes tested for rejection.
Model Solute
Molecular Structure
Wt. (Da)
β-O-4 Model Dimer

282

Neutral Red

289

Methylene Blue

320

6.2.2

Cellulose Composite Membranes
Three types of Cellulose composite membranes were studied: cellulose iron,

cellulose PAA, and cellulose lignin sulfonate composite membranes. A summary of the
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composition of the various membranes can be seen in Table 6.1. Control membranes of 10
wt% cellulose were also studied. All membranes were created using 1-ethyl-3methylimidazolium as a solvent. The desired amount of composite material was dispersed
into the ionic liquid at 80℃ for one hour. This is to ensure full dispersion of the composite
material in the ionic liquid before dissolution of cellulose increases the casting solution
viscosity. After composite material dispersion, 5-10 wt% cellulose was added into the
casting solution and physically mixed in then dissolved at 80℃ for 8 to 24 hours until the
cellulose was completely dissolved.
. Membranes were cast on nonwoven fiber backing. Polyester support material was
affixed to a glass plate using tape. The casting solution was poured directly onto the
backing at 80℃ and cast directly onto the polyester backing using a doctor blade set to 150
μm. The polyester backing was then submerged in a water or isopropanol gelation bath for
10 minutes to allow time for membrane formation. The resulting membrane was stored in
DI water at a temperature of 4°C until use.
6.2.3

Zeta potential characterization
Zeta potential of cellulose and GQD cellulose membranes was measured by an

Anton Paar Surpass 1 electrokinetic analyzer. The adjustable gap cell was used with a 100
µm gap and 0.01 M KCl electrolyte solution. Acid titration was done with 0.01 M HCl.
400 mBar pressure difference was used for all measurements.
6.2.4

Contact angle characterization
The contact angle for deionized ultrafiltered water was measured using the Kruss

DSA 100. Captive bubble method was used to determine contact angle do to water
absorption in the cellulose membranes and to prevent deformation of surface structure
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during drying. At least 3 spots per membrane sample were analyzed to correct for any
variance in surface morphology.
6.2.5

Membrane Performance
Membrane performance was characterized by using the Sterlitech HP4750 stirred

cell to perform convective studies. Water permeability was determined for each membrane
by measuring the volumetric flux of DIUF at 1.4, 2.76, and 4.14 bar respectively.
Methylene blue (5 mg/L) and neutral red (5 mg/L), as well as various molecular weights
(5kDa and 10kD at concentrations of 100 mg/L) of Blue Dextran, were filtered through the
membrane. The permeate was collected and dye concentration for the feed, permeate, and
remaining retentate was analyzed using the VWR UV-6300PC Spectrophotometer.
6.2.6

Divalent Ion Capture by Cellulose-PAA Membranes
Ca2+ capture in cellulose PAA composite membranes was carried out without the

usual exchange of Na+ for H+ as imidazolium was already expected to be exchanged for
H+. The membrane was added to the filtration cell right away and soaked in about 110 mL
of DI water that was kept at a pH of 10. After soaking, about 15 mL of fresh DI water (pH
» 4.5-5.5) was passed through the membrane and the pH of the permeate was verified to
be 7 or higher. For the Ca2+ capture, an aqueous CaCl2•2H2O solution (»1.79 mM, pH =
6.5-7) was prepared with non-deoxygenated, DI water and a 10-mL sample of this solution
was taken. To capture Ca2+, about 200 mL of fresh solution was passed through the
membrane in 50-mL increments using pressures mostly in the range of 0.28-0.62 bar. At
the end of each increment, a 10-mL sample of the collected permeate was taken and the
rest of the permeate was disposed of before continuing the filtration
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Ca2+ captured was quantified by Inductively Coupled Plasma Optical Emission
Spectroscopy (ICP-OES). Ca2+ captured within the membrane case measured and located
using energy-dispersive X-ray spectroscopy (EDS).
6.2.7

Lignin Sulfonate Functionalized Nanofiltration Membrane
Functionalized membranes were created by utilizing a circular metal holder, an o-

ring is typically found on these cells at the base to create a seal. A 10 wt% LS solution in
water was poured over 40 cm2 area NF-270 nanofiltration membrane. Sufficient LS
solution was poured over the surface until the entire membrane was covered. This allowed
for ample LS to bond to the membrane and ensured even functionalization. The entire cell
block was then placed in an oven at 90℃ for approximately 2 hours. After taking the
membranes out of the cell, they were rinsed with copious amounts of DI water to remove
residual LS that may not have bonded to the membrane. LS presence on the membrane
surface can be confirmed by light brown tint on the membrane surface.
A crossflow apparatus allowed for testing the anti-fouling properties of both the
functionalized and unfunctionalized membrane. The cross-flow apparatus was run at a
flowrate of approximately 1.5 liters/min for both the equilibration stage, fouling stage, and
tangential washing stage. Before any anti-fouling testing could be done, the membrane was
precompacted at 10.4 bar with deionized water to equilibrate the membrane before the
fouling agent. After this equilibration period, a bovine albumin serum (BSA) solution was
run through the apparatus and volume of permeate measured. After 30 minutes into the
fouling stage, the membrane surface was rinsed with deionized water (pH=5.6) for 10
minutes. Na2SO4 (1000 mg/L Fisher Scientific) rejection was also determined in the
crossflow cell at 10.4 bar.
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6.2.8

Bacteria Fouling Studies
R. palustris strain CGA009 (ATCC BAA-98) was purchased from ATCC

(American Type Culture Collection). Solid media cultures were isolated on tryptic soy
broth agar plates. Liquid cultures were pregrown in tryptic soy broth purchased from
Criterion, which contains (g L−1) casein peptone, 17; soy peptone, 3; NaCl, 5; K2HPO4,
2.5; Dextrose, 2.5. Pregrown liquid cultures were concentrated by centrifugation at 2500rp
for 5 minutes and washed 3 times with minimal media to use as an inoculant.
R. palustris adhered to membranes were grown using a modified minimal media148
that contained (g L−1) Na2HPO4, 6.8; KH2PO4, 2.9; NaCl, 1.3; MgSO4 7H2O, 0.4; CaCl2
2H2O, 0.075; Thiamaine hydrochloride 0.001. Trace elements were provided by adding 10
mL L−1 of a solution containing (g L−1) FeCl3 6H2O, 1.66; ZnCl2, 0.17; MnCl2, 0.06; CoCl2
6H2O, 0.06; CuCl2 2H2O, 0.04; CaCl2 2H2O, 0.73; and Na2MoO4 2H2O, 0.06. Sodium
glutamate (3.5-7 mM) and acetate (70 mM) were utilized as primary nitrogen and carbon
sources.
Solutions of minimal media were diluted 1:10 with phosphate buffer (pH~7.2) for
inoculation on the membrane surface. Inoculation of cellulose membranes was carried out
by convectively passing 15 mL of the diluted media through the membrane at 1.4 bar in a
stirred membrane cell. After inoculation the membranes were removed from the cell and
submerged in minimal growth media in the absence of light for 10 days to allow some time
for bacterial growth. The overall goal was to simulate bacteria deposition and growth on
the membrane surface over long-term operation.
Bacteria adhered membranes were chemically fixed149 prior to critical point drying
by dosing growth media containing an inoculated membrane with glutaraldehyde (50%
from) to bring the solution to 2.5% glutaraldehyde, and left to sit for 2h at 25 °C. The media
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was replaced by slowly replaced with ethanol by removing media and adding ethanol to
bring the ethanol concentration up to 25%, 50%, 75%, 85%, 96%, leaving the solution to
sit for 1 hour between adding ethanol.

6.3

Results and Discussion

6.3.1

Summary of Membranes
A summary of composite membrane compositions and properties is given in 6.2.

Permeability of all composite membrane was shown to be improved over unmodified
cellulose membranes. Iron was the only composite material demonstrated to improve the
selectivity of cellulose membranes for small molecules. There are many factors that impact
membrane selectivity, only a few of which this work will address, but casting viscosity and
wt% may be one property which can be better optimized to improve membrane
performance. The focus on this work is to highlight the possibilities of incorporating
composite materials into cellulose membranes and the unique benefits composite materials
bring to membrane performance.
Table 6.2 Composite membranes studied with compositions and relevant properties.
Casting
Rejection
Water
Solution
(%) 5kDa
Wt%
Wt%
Permeability
Composite
Blue
Composite Cellulose Viscosity
(pH=7)
(Pa*s)
Dextran
Iron

4

5

6.8

17.4

>99

PAA

2

5

44

267

44

Lignin

5

10

96

17.5

59

---

0

10

22.8

9.6

75
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6.3.2

Iron Cellulose Composite Membranes

Iron was readily incorporated as a composite material into the cellulose membrane domain,
as FeCl3 is highly dispersible in ionic liquids150. Iron is well known to interact strongly
with cellulose and bind to cellulose chains151. This interaction along with steric effects
ensure iron is retained within the membrane structure after phase inversion. A clear sign of
the presence of iron within the membrane can been seen by the orange color the iron brings
to the normally translucent cellulose membrane. This can be seen in Figure 6.1. This effect
has also been observed in our prior studies with graphene oxide quantum dots as
nanocomposites.

Figure 6.1. Unmodified cellulose, GQD cellulose, and iron cellulose composite
membranes.
While uses of iron in composite materials and membrane platforms is well known,
the main interest in this work was to understand if iron interaction with cellulose in the
membrane effects selectivity behavior of the membrane. Previous study of cellulose
composite membranes has suggested that selectivity behavior is largely due to a dense
amorphous polymer layer that comprises the top 100-200 nm of the membrane. To better
understand how iron and cellulose might be interact in the amorphous selective layer, the
118

pressure dependent flux behavior of the membrane was studied in water and IPA solvents.
Seen in Figure 6.2, water and isopropanol permeability behavior is unique when compared
to expected behavior for cellulose based membranes. Water flux plateaued off at higher
pressures, as previously observed in our studies of GQD cellulose composite membranes.
Permeability of the iron cellulose membranes was within standard deviation of previously
studied cellulose membranes, despite the iron cellulose composite membrane having half
the amount of cellulose. It is important to note that the 5 mg/L neutral red solution was
passed through the membrane after IPA passage, demonstrating that the flux response is
reversible with solvent exchange.

Figure 6.2. Flux (LMH) vs Pressure (bar) behavior for iron cellulose composite
membranes in water, isopropanol (IPA), and neutral red in water.
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Further investigation of pressure dependent isopropanol flux gave unexpected
results. Despite the viscosity of IPA being roughly double that of water, the permeability
remains the same. Isopropanol permeability had previously been studied in cellulose
membranes as seen in Figure 6.3 to observe the effect of the polar solvent on membrane
stability. When corrected for viscosity, isopropanol and water flux behavior line up are
aligned. This strongly suggests the membrane surface does not swell when in contact with
isopropanol. IPA flux was higher than what would be expected when observing water
permeability. This suggests that the membrane becomes more permeable when exposed to
isopropanol. This behavior was also found to be reversible, as water flux behavior did not
change after IPA passage.
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Figure 6.3. Viscosity Corrected Flux vs. Pressure for unmodified cellulose membrane
(10 wt. %)
Interestingly water permeability decreased when solvent mixtures of 25:75 and
50:50 isopropanol: water. The permeability at different solvent concentrations can be seen
in Figure 6.4. Strong water interaction within the cellulose domain may provide a barrier
for isopropanol diffusion into the membrane domain. Mao et al. has observed that flux
through cellulose membranes decreases as isopropanol concentration increases during
pervaporation operation140. At 100% isopropanol the inability of iron to be ionized may
reduce interaction between iron and cellulose, causing the opening of the selective layer of
the membrane. When the membrane is rehydrated, ion becomes ionized again and the
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selective layer becomes less open. A pressure driven liquid system can exploit the openness
of the selective domain. This behavior could be of great interest for applications of
membrane cleaning or desorption of contaminates from the membrane surface.
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Figure 6.4. Volumetric permeability of total solvent mixture as volume % of
isopropanol is varied in iron cellulose composite membranes. Remaining volume %
water.
Neutral red (~289 Da) and methylene blue (~320 Da) were completely rejected
(>99%) during filtration through the membrane using DI water as a solvent. As seen in
Figure 6.5 rejection decreased in isopropanol which is to be expected due as hydrophilic
interaction decreases in isopropanol. The increase of membrane permeability suggests the
dense selective layer becomes more permeable.
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Figure 6.5. Dye rejection in iron cellulose composite membrane in water and
isopropanol solvent.
Rejection studies with model dyes also suggests other factors contribute to solute
selectivity other than size exclusion. Selectivity vs. molecular weight for small model
molecules is show in Figure 6.6. Rejection of β-O-4 Model Dimer was only 10% despite
the MW only being 7 Da less than neutral red. The disparity in rejection can be attributed
to interaction among the hydrophilic functional groups. The positive dipoles of the amine
groups in the dyes interacts more strongly with negative dipoles of hydroxy groups in
cellulose reducing rate of diffusion of the dyes through the membrane. Carboxyl groups in
the model dimer do not react as strongly. Rotation freedom in the model dimer may also
allow for the dimer to change confirmation as it moves through the membrane, thus
increasing diffusion rate. Ring structures in the model dyes prevent rotation within dyes as
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the move into the membrane domain. Interaction among functional groups and molecular
structure must be considered when evaluating possible application of nanofiltration for
small molecule separation.

Figure 6.6. Rejection of model dyes and molecules in Iron Cellulose composite
membranes.
6.3.3

Poly Acrylic Acid Cellulose Composite Membranes
Polyacrylic acid (PAA) has many negatively charged carboxyl groups which can

utilized for pH responsive behavior, metal capture, and rejection of negatively charged
ions. PAA disperses fully in the ionic liquid solvent allowing even mixing with cellulose.
Entanglement with cellulose chains and hydrogen bonding with cellulose allow for the
retention of PAA after phase inversion. The pKa of carboxyl groups was useful in
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confirming its presence of PAA at the surface of the PAA cellulose composite membranes.
Zeta potential analysis (Figure 6.7) clearly shows that incorporating PAA into cellulose
membranes results in a greater magnitude of negative surface charge which drastically
shifts between pH 3-5, as expected of carboxyl groups. This behavior has been seen in
PAA functionalized PVDF membranes as previously studied in our group. Due to the
dissolution of PAA and PVDF together in ionic liquid, it is hypothesized that PAA was
also integrated through the depth of the membrane.

Fig. 6.7. Zeta potential of PVDF 700, PVDF-PAA (weight gain of 7.28% with
functionalization), cellulose (10 wt% cellulose in casting solution)1, and cellulose-PAA
membranes in the pH range of 3-9.
Further confirmation of PAA in the membrane was necessary to confirm presence
beyond the surface. Pressure dependent flux of PAA cellulose membranes were studied at
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below and above the pKa of PAA. As observed in other PAA functionalized membranes,
swelling should occur as carboxyl groups are charged when pH increases above 3. Figure
6.8 shows the pH responsive behavior of the functionalized membrane. The four-fold
decrease in flux when transitioning to pH 7 from pH 3 strongly suggests presence of PAA
throughout the entire selective layer of the composite membrane. At high pH the swollen
PAA creates a selective layer capable of rejecting 44% of 5kDa blue dextran, while at low
pH the PAA collapses, opening the membrane pores.

Figure 6.8. Permeability of cellulose-PAA membrane at pH 3 and 7. Membrane
surface is 13.2 cm2
PAA has been utilized for metal capture of metals due to the ion exchange capacity
of the vast network of carboxylic groups. Ion exchange capacity studied for this membrane
using Ca2+ to better understand the quantity of PAA in the membrane and the accessibility
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of PAA to ions transporting through. Previous functionalized membrane platforms have
not completely answered the question of whether the entirety of the hydrogel is available
for ion exchange, or whether channeling occurs within the hydrogel domain. Unlike a
functionalized pore approach, there are no larger pores through which channeling can
occur. In this scenario PAA is entangled along with the cellulose composite membrane
which should theoretically prevent channeling. Ca2+ adsorption is shown in Figure 6.9.
After ion exchange with Ca2+, the ratio of Ca2+:COO- was determined to be 0.347 which
was less than the theoretical value of 0.5 in the case of every carboxylic group participating
in ion exchange. Previous work in our group with spongy PVDF-PAS membranes exceeds
the theoretical value due to counter ion condensation within the membrane. This was not
observed in cellulose membranes. likely due to the constrained environment in which the
PAA is present.
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Figure 6.9. Total Ca2+ capture of a 13.2-cm2 cellulose-PAA membrane during
convective flow of CaCl2 (overall flux = 89 LMH and average pressure of 50-mL
increments = 0.72 bar) and of a PVDF-PAA membrane from literature after
convective flow of CaCl2152.
Electrodispersive x-ray spectroscopy of the PAA cellulose composite membrane
was conducted to determine where ion capture was occurring within the membrane. The
EDS mapping reveals that PAA cellulose membranes show even dispersion of divalent
ions adsorbed throughout the membrane, while PAA functionalized PVDF membranes
show divalent ion adsorption only toward the surface of the membrane. The EDS map
(Figure 6.10) serves as further confirmation that PAA is evenly dispersed throughout the
membrane.
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Fig. 6.10 (a) Iron EDS map of the cross section of a PVDF-PAA-Fe sample and (b)
Calcium EDS map of most of the cross section of a cellulose-PAA-Ca2+ sample.
6.3.4

Lignin Cellulose Composite Membranes
Lignin and cellulose are major constituents of woody plants and interact to create a

robust structure that is resistant to decomposition from bacteria and fungi even after the
plants death. Lignin contains many hydrophilic groups, including phenols which give
antibacterial properties. Houtman et al. have determined through molecular simulation that
hydrophilic groups allow for lignin to adsorb to cellulose microfibrils153. Lignin sulfonate,
a byproduct of chemical paper pulping industry, is an inexpensive and commercially
available source of lignin. The sulfonation process adds hydrophilicity and allows for easy
dissolution in 1-ethyl-3-methylimidazolium acetate. Therefore, we sought to use it as a
composite material for cellulose membrane creation. The primary objectives were to
determine the effectiveness of the lignin composite membrane and probe antibacterial
behavior.
Water permeability of the lignin cellulose membrane was shown to be roughly
double that of the unmodified cellulose membrane (Figure 6.11). Likely hydrophobic
regions of lignin sulfonate cause opening of the selective layer due to poor interaction with
cellulose after phase inversion. The viscosity of the dope solutions was particularly high
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when lignin sulfonate was added as a composite, which may further effect demixing during
phase inversion. The rejection of 5000 Da blue dextran was 59%, 16% lower than
unmodified cellulose. Neutral red was shown to absorb strongly in within the membrane,
which indicates the potential of strong interaction with sulfonate groups within the
membrane.

Figure 6.11. Pressure dependent flux of lignin sulfonate membranes as compared to
cellulose membranes.
Lignin has been demonstrated to have antibacterial properties154. Biofouling is a
major issue for long term membrane performance, as biofilms of bacteria and extracellular
matrix cause tremendous resistance to flow through the membrane155. Lignin cellulose
membranes were inoculated with Rhodopseudomonas palustris bacteria by filtering a dilute
solution of bacteria through the membrane. R. palustris was chosen due to its ability to
generate extracellular matrix and also switch metabolism to survive in many different
environments154. The bacteria were then given dilute amounts of nutrients and allowed to
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grow. Bacteria colonies were analyzed after fixation to qualitatively determine the rate of
production of extracellular matrix. The SEM images of the membrane surface after bacteria
growth can be seen in Figure 6.12.

Figure 6.12. Bacteria growth on A) unmodified cellulose membrane and B) lignin
cellulose membrane.
6.3.5

Lignin Functionalized Nanofiltration Membrane
Lignin sulfonate can also be directly functionalized onto the surface of commercial

nanofiltration membranes. Craft lignin has shown potential antifouling properties when
deposited onto the surface of thin film composite membranes156. This study looked to use
heat to esterify lignin to the surface of NF membranes. Details on membrane synthesis is
given in Figure 6.13. A LiS slurry was deposited on the membrane surface at pH 3. Heating
at 80℃ causes esterification of lignin to the unreacted COOH groups at surface of the
NF270 membrane.
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Figure 6.13. Functionalization of commercial DowFilmtec NF270 membrane using
heat to esterify lignin sulfonate to unreacted carboxyl groups.
Membrane water permeability was shown to decreases slightly after
functionalization (Figure 6.14), but flux decline was less than 10 wt%. This decline in flux
was likely due to the surface functionalized layer adding resistance to flow through the
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membrane. Lignin has a bulky branching structure that could cause additional resistance to

flow.
Figure 6.14 Pressure dependent water flux of unmodified NF270 and LS
Functionalized membrane.
Rejection of Na2SO4 also decreased slightly as shown in Table 6.3. This was likely
due to esterification of unreacted carboxyl groups on the NF270 surface. This reduced the
negative charge of the membrane. Zeta potential data also suggests reduction in the number
of carboxyl groups on the surface of the NF membrane (Figure 6.15).
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Table 6.3. Rejection of Na2SO4 in unmodified NF 270 and lignin sulfonate
functionalized NF 270.
(1000
m g/ L Rejection of

Na 2 SO 4 )

Na2SO4

Unmodified

98.0%

NF-270
Lignin Sulfonate 97.30%
Functionalized

Figure 6.15. Zeta potential vs. pH for lignin functionalized and pristine NF270
membrane. 100 mg/L KCl used as an electrolyte.
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Most excitingly, lignin sulfonate functionalized membranes show promise for use as an
antifouling surface. BSA was used as a model foulant and passed through the membrane
in cross flow operation. BSA fouling during filtration can be seen in Figure 6.16. While
lignin sulfonate appears to have negligible impact on reversible fouling, irreversible
fouling was shown to be far less prevalent after functionalization with lignin sulfonate.
Functionalized NF270 membranes showed almost complete recovery of volumetric water
flux after just 10 minutes of tangential rinsing with DI water while the unmodified
membrane flux only recovered to 40% of the initial value after rinsing. Lignin
functionalized NF270 membranes were shown to maintain 90% of the initial flux after the
second rinse cycle.

Figure 6.16 . Normalized water flux of lignin sulfonate functionalized and
unmodified NF270 during filtration of 100 mg/L BSA. Dotted lines indicate 10
minutes of tangential rinsing with deionized water (pH=5.6)
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6.4

Conclusion
This study has built upon our previous work with cellulose composite membranes

by showing the same techniques can also be applied with iron, polyacrylic acid, and
sulfonated lignin. Composite materials were found to add unique properties such as pH
responsive flux and antibacterial behavior. Particularly in iron cellulose membranes
suggests composite materials impact transport of solvent and solute through the membrane
in ways that could be utilized in applications for cleaning the membrane. Ultimately, as
ionic liquids continue to be studied as solvents for membrane synthesis, composite material
should be strongly considered as means to add value or otherwise optimize membranes.
Even common materials such as iron or sulfonated lignin have shown potential as
composite materials, and impart little additional costs compared to the price of ionic liquid.
Further development of composite materials, including metalorganics, could advance
development cellulose-based membranes for separations and reactions.
\
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CHAPTER 7. CONCLUSIONS
The research comprising this dissertation advanced the field of membranes in both
selective desalination of industrial wastewater and selective UF/NF separation of small
molecules. Ion transport phenomenon have been used to apply membrane technologies to
treat and reuse high TDS water from both coal-fired power plants and oil sands tailings.
The integration of composite materials into cellulose materials using ionic liquid was a
new achievement for membrane applications. This technique has created potential for
modifying membrane selectivity and surface properties, as well as adding other
functionalities such as pH response or capacity for metal capture

7.1

Key Advancements to Science and Engineering
•

Impact of divalent ions on transport behavior of mixed salt solutions was studied
for nanofiltration of several complex mixtures of salts in aqueous solution. Ion
transport behavior was modeled for single salt solutions as well as mixed salt
solutions.

•

Selective deionization using polyamide NF membranes was applied for recovery
and reuse of industrial wastewater. Process design combining nanofiltration with
reactive membranes was implemented the improve heavy metal capture and
degradation of organic pollutants in industrial wastewater.

•

Cellulose composite membranes were developed using a common ionic liquid
solvent. Composite materials, such GQD, iron, and lignin, are shown to modify
membrane selectivity and add unique properties including antifouling behavior.
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7.2

Specific Accomplishments

7.2.1
•

Nanofiltration of mixed salt solutions
NF membrane ion rejection investigated for single salt solutions of NaCl, Na2SO4,
CaCl2, and MgSO4 as well as NaCl/CaCl2 mixtures and NaCl/Na2SO4 mixtures.

•

Presence of divalent ion in mixed salt solutions was demonstrated to reduce
rejection of monovalent ions.

•

Impact of ionic strength on ion rejection investigated for both divalent and
monovalent cations for ionic strengths between (0-350 mM). Significant reduction
of rejection was observed for monovalent cations, while steric partitioning causes
cation rejection to remain high at high ionic strength.

•

Extended Nernst Planck equation was applied with steric partitioning to
successfully model ion transfer through nanofiltration membranes in mixed ion
solutions using properties optimized from single salt data.

7.2.2
•

Selective Desalination for Industrial Wastewater Treatment
Nanofiltration applied to recover up to 80% of FGD wastewater from Plant Bowen,
GA for reuse within the wet scrubber.

•

Prevalence of divalent cations in FGD Wastewater allows for high rejection (>90%)
of TDS at 0% recovery. TDS rejection remains around (85%) at 80% water
recovery.

•

Heavy metal ions including Se and as were shown to be effectively be rejected
(>90%) by nanofiltration of FGD wastewater, allowing for concentration for
subsequent removal using functionalized membranes.
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•

Removal of TDS via NF membranes shown to have beneficial behavior on Se
capture in functionalized membrane systems by removing ion (particularly SO42-)
that compete with Se at the iron nanoparticle active sites.

•

Membranes were shown to withstand operation at temperatures between 25-44 ℃
and presence of suspended solids for over 140 days of operation (non-continuous)

•

NF membranes demonstrated effective at removing Naphthenic acid from produced
water at over 80% water recovery. Naphthenic acid concentration in NF permeate
is suitably low for discharge, while the reduced volume of retentate has
concentrated naphthenic acid for more efficient degradation functionalized
membranes.

7.2.3
•

Cellulose composite membranes
Graphene oxide quantum dots (GQD) (.025 wt%) were integrated into cellulose
membranes using a common solvent 1-ethyl-3-methylimidazolium acetate.

•

GQD proven to be integrated within the cellulose polymer network after phase
inversion using surface property observations and probing GQDs fluorescence
using confocal laser microscopy.

•

Presence of GQD composite material shown to alter transport behavior for water
and ions through the membrane, changing membrane molecular weight cut off and
water permeability.

•

The same technique for Cellulose GOQD composite membranes can also be used
for other composite materials such as polyacrylic acid, iron (III), and lignin
sulfonate. Composite materials bring unique properties such as antifouling and
allow for tuning of membrane performance.
139

7.3

Future Work
This work has given new insights into the role of divalent ions in selective

desalination of mixed ion solutions via nanofiltration. Transport behavior seen in labprepared solutions has been applied to multiple types of industrial wastewater. These
studies only seek to explain simple interactions between monovalent and divalent ions
during membrane transport. Further complications such as pH sensitivity, precipitation of
salts during water recovery, chelation, and interactions with non-ionic solutes require
further study. While other studies have addressed these issues independently, industrial
wastewater is composed of several different ions, including heavy metals and sparingly
soluble ions, along with organic solutes and thus require consideration of many different
factors when studying ion transport. Furthermore, while the thermodynamic limits on
energy costs for membrane desalination are well understood, further economic analysis on
nanofiltration systems for selective desalination must incorporate costs for other unit
operations such as pretreatment and elimination of pollutants through capture or reactive
degradation.
The initial concept of using cellulose composite materials for membrane synthesis
has been proven effective in this study, but challenges remain. Costs of 1-ethyl-3methylimidazolium acetate are currently prohibitive for large scale cellulose composite
membrane production. The issues of cost need to be addressed via two approaches: 1)
Incorporation of water into the casting solution at rations of up to 1:4 water: ionic liquid.
2) Development of energetically efficient processes for ionic liquid recovery after
nonsolvent induced phase inversion.
Reducing the amount of solvent used during membrane casting will naturally
reduce cost, but the impact on membrane morphology and incorporation of composite
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materials into the membrane domain must be further studied. Allowing for water presence
in the casting solution will also significantly reduce the thermodynamically required energy
for recovery of ionic liquid. Ionic liquid recovery may involve membrane processes for
recovery such as the use of ceramic membranes but may also require absorption/extraction
or thermal separation to reconstitute ionic liquid to the desired purity. Ultimately the goal
must be to allow for as much water presence as possible without compromising membrane
selectivity and permeability.
Additional considerations for using other nonsolvent such as isopropanol or liquid
CO2 could be used as a nonsolvent for membrane formation to significantly reduce the
energy required for ionic liquid recovery. Changing the nonsolvent requires further
investigation into three phase equilibrium behavior and the resulting membrane properties.
New nonsolvent might also provide a solution to long term membrane storage, a key area
for the scale up of cellulose base membranes. Collapse of pore structures during membrane
drying currently require cellulose membranes be stored in water or other polar solvent.
Furthermore curling, even after solvent exchange poses a challenge for large scale roll to
roll manufacture. Once cellulose based membranes have been optimized for long term
storage, module design must be considered before any large-scale application.
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NOMENCLATURE

Chapter 1:
TFC

Thin Film C

Chapter 2:
A
C0,i
CB,i
Cp,i
Jw
Q
Rg
Ri
r
rp
SA
t
T
V
V0
Wp
∆P
∆П

Membrane water permeability
Instantaneous permeate concentration of component i
Bulk concentration of component i
Overall permeate concentration of component i
Volumetric flux
Permeate flowrate
Gas Constant
Rejection of component i
Water recovery (%)
Rate of formation of precipitate
Surface area of membrane
Time
Temperature
Volume of the feed tank
Initial volume of the feed tank
Mass of precipitate formed
Applied Pressure
Osmotic Pressure

Chapter 3:
Ji
Kd
Di
ci
x
zi
F
Kic
Φ
λ
Ci
Jv
R
T
ri
rp
Xd
ϕ

Flux of Solute i
Hindered Coefficient of Diffusion
Hindered Diffusivity of Solute i (m2 /s)
Concentration of solute i within membrane
Dimensionless length of membrane channel
valence of solute i
Faraday constant (C/mol)
Convective transport coefficient (m2 /s) (coupling)
Electric potential in axial direction inside the membrane(V)
Ratio of ionic or solute radius to pore radius
Permeate concentration
Volumetric flux
Gas Constant
Temperature
Radius of solute
Radius of pore
Membrane charge density (coulombs/m2)
Steric partitioning coefficient

1

Chapter 4:
FGD
TDS
TSS

NOMENCLATURE (cont.)
Flue Gas Desulfurization (Wet Scrubber Process)
Total Dissolved Solids
Total Suspended Solids

Chapter 5 &6 :
GQD
Graphene Quantum Dot
PAA
Polyacrylic Acid
LiS
Lignin Sulfonated (regarding functionalized)
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APPENDIX
M-file Nernst Planck Model
Working file
clc
clear all
global a_part jv xd as rp diff l T z kc kd R F phi cfeed cmem q_cf
xd=-13;
z=[1,-2];
l=8*10^(-6);
cfeed=[10,5];
rp=1.2/2*10^(-9);
as=[0.184,0.231].*10^(-9);
diff=[1.33,1.06].*10^(-9);
T=298;
q_cf=1; %gpm crossflow velocity
for i=1:50
jv=0.3+(i-0.9)*3.5/5;
x_axis(i)=jv;
y=solnpeq(jv);
y_axis(i)=y;
end
plot(x_axis,y_axis)
hold on
clc
clear all
global a_part jv xd as rp diff l T z kc kd R F phi cfeed cmem
q_cf=1; %gpm crossflow velocity
cfeed=[50,25];
jv=10;
jv=jv/3.6*10^(-6);
xd=-10;
as=[0.1840,0.2309].*10^(-9);
rp=0.5*10^(-9);
diff=[1.33,1.062].*10^(-9);
l=30*10^(-6);
T=298;
z=[1,-2];
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amp1=hinder(as(1));
amp2=hinder(as(2));
kc=[amp1(2),amp2(2)];
kd=[amp1(1),amp2(1)];
R=8.3142;
F=96450;
%steric partitioning
phi=(1-as./rp).^(2);
% phi=[0.2,0.6];% very sensitive to partitioning term
y=cpol(jv,q_cf);
rej=0;
amd=rej;
count2=0;
count3=10;
count4=1;
while count4<5
count1=1;
while count1<12
rej(count1)=count2+(count1-1)*count3;
cp=cfeed.*(rej(count1)/100);
ktrans=cpol(jv,q_cf);
% cmem=(jv.*cp+ktrans.*cfeed)./ktrans;
cmem=cp+(cfeed-cp)*exp(jv/ktrans);
%a_part
x0=[1,1,1];
fun=@partitioning;
a_part=fsolve(fun,x0);
x0=[1,1,1,1,1,1];
fun=@np;
out_prof=fsolve(fun,x0);
clc
y_rej(count1)=(cfeed(1)-out_prof(3))/cfeed(1)*100;
count1=count1+1;
end
count1=1;
err=y_rej-rej;
while count1<12
if err(count1)<0
amd=(count1-2)*count3;
count1=12;
end
count1=count1+1;
end
count2=count2+amd;
count3=count3/10;
count4=count4+1;
end
rej=count2
function y=solnpeq(jv)
global a_part jv xd as rp diff l T z kc kd R F phi cfeed cmem q_cf
jv=jv/3.6*10^(-6);
amp1=hinder(as(1));
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amp2=hinder(as(2));
kc=[amp1(2),amp2(2)];
kd=[amp1(1),amp2(1)];
R=8.3142;
F=96450;
%steric partitioning
phi=(1-as./rp).^(2);
% phi=[0.2,0.6];% very sensitive to partitioning term
y=cpol(jv,q_cf);
rej=0;
amd=rej;
count2=0;
count3=10;
count4=1;
while count4<4
count1=1;
while count1<12
rej(count1)=count2+(count1-1)*count3;
cp=cfeed.*(rej(count1)/100);
ktrans=cpol(jv,q_cf);
% cmem=(jv.*cp+ktrans.*cfeed)./ktrans;
cmem=cp+(cfeed-cp)*exp(jv/ktrans);
%a_part
x0=[1,1,1];
fun=@partitioning;
a_part=fsolve(fun,x0);
x0=[1,1,1,1,1,1];
fun=@np;
out_prof=fsolve(fun,x0);
clc
y_rej(count1)=(cfeed(1)-out_prof(3))/cfeed(1)*100;
count1=count1+1;
end
count1=1;
err=y_rej-rej;
while count1<12
if err(count1)<0
amd=(count1-2)*count3;
count1=12;
end
count1=count1+1;
end
count2=count2+amd;
count3=count3/10;
count4=count4+1;
end
y=count2;
end
function z=hinder(ri)%[kd,kc]
global rp
lam=ri/rp;
kid=1-2.3*lam+1.154*lam*lam+0.224*lam*lam*lam;
kic=1+0.054*lam-0.988*lam*lam+0.441*lam*lam*lam;
%% from bowen 1995
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% kid=-1.705*lam+0.946;
% kic=-0.301*lam+1.022;
%%
z(1)=kid;%diffusion
z(2)=kic;%convection
end
function y=np(x)
global a_part jv xd as rp diff l T z kc kd R F phi
%a_part is intial partitioning and potential term
%phi is net partitioning factor: steric
p=diff./l;
res=(R*T*l/F)./z./diff;
y(1,1)=-p(1)*(x(1)-a_part(1))+kc(1)*jv*a_part(1)+(x(5)-a_part(3))*a_part(1)/res(1)-jv*x(3);
y(2,1)=-p(2)*(x(2)-a_part(2))+kc(2)*jv*a_part(2)+(x(5)-a_part(3))/res(2)*a_part(2)-jv*x(4);
y(3,1)=z(1)*x(1)+z(2)*x(2)+xd;
y(4,1)=phi(1)*x(3)-x(1)*exp((x(6)-x(5))*z(1)*F/R/T);
y(5,1)=phi(2)*x(4)-x(2)*exp((x(6)-x(5))*z(2)*F/R/T);
y(6,1)=z(1)*x(3)+z(2)*x(4);
end
function y=partitioning(x)
global xd z cmem T R F rp as phi
cf1=cmem(1);
cf2=cmem(2);
z1=z(1);
z2=z(2);
% y(1,1)=x(1)-phi(1)*cf1*exp(z1*x(3)*F/R/T);
% y(2,1)=x(2)-phi(2)*cf2*exp(z2*x(3)*F/R/T);
y(1,1)=x(1)phi(1)*cf1*(1+(z1*x(3)*F/R/T)+(z1*x(3)*F/R/T)^(2)/2+(z1*x(3)*F/R/T)^(3)/6+(z1*x(3)*F/R/T)^(4)/24+(
z1*x(3)*F/R/T)^(5)/120+(z1*x(3)*F/R/T)^(6)/720+(z1*x(3)*F/R/T)^(7)/5040+(z1*x(3)*F/R/T)^(8)/40320
+(z1*x(3)*F/R/T)^(9)/362880+(z1*x(3)*F/R/T)^(10)/3628800+(z1*x(3)*F/R/T)^(11)/3628800/11+(z1*x(
3)*F/R/T)^(12)/3628800/11/12);
y(2,1)=x(2)phi(2)*cf2*(1+(z2*x(3)*F/R/T)+(z2*x(3)*F/R/T)^(2)/2+(z2*x(3)*F/R/T)^(3)/6+(z2*x(3)*F/R/T)^(4)/24+(
z2*x(3)*F/R/T)^(5)/120+(z2*x(3)*F/R/T)^(6)/720+(z2*x(3)*F/R/T)^(7)/5040+(z2*x(3)*F/R/T)^(8)/40320
+(z2*x(3)*F/R/T)^(9)/362880+(z2*x(3)*F/R/T)^(10)/3628800+(z2*x(3)*F/R/T)^(11)/3628800/11+(z2*x(
3)*F/R/T)^(12)/3628800/11/12);
y(3,1)=z1*x(1)+z2*x(2)+xd;
end
%masstransfer
function y=cpol(jv,q_cf)%jv in m/sec, q_cf in GPM
global chn_length chn_ht diff
diff=[1.33,1.062].*10^(-9);
q_cf=q_cf*3.7*0.001/60; %1 gpm flow through channels
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chn_length=3.9*10^(-2);
chn_ht=0.23*10^(-2);
mean_diff=(diff(1)*diff(2))^(0.5);
cf_mean=q_cf/chn_length/chn_ht; %m/sec
% ken_mu_water=9.121*10^(-7); %m2/s
% Re=cf_mean*chn_ht/ken_mu_water;
% sc=ken_mu_water/mean_diff;
% sh=1.62*Re^(0.33)*sc^(0.33)*(2*chn_ht/chn_length)^(0.33);
% kc=sh*mean_diff/chn_length; %m/sec
abd=3*cf_mean/chn_ht*2;
ktrans=0.807*(abd*mean_diff*mean_diff/chn_length)^(1/3);
y=ktrans;
end
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